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ABSTRACT
Sweeney, Cameron J. M.S., Purdue University, December 2016. Characterization of
a Hypersonic Quiet Wind Tunnel Nozzle. Major Professor: Steven P. Schneider.
The Boeing/AFOSR Mach-6 Quiet Tunnel at Purdue University has been able to
achieve low-disturbance flows at high Reynolds numbers for approximately ten years.
The flow in the nozzle was last characterized in 2010. However, researchers have noted
that the performance of the nozzle has changed in the intervening years. Understanding the tunnel characteristics is critical for the hypersonic boundary-layer transition
research performed at the facility and any change in performance could have significant effects on research performed at the facility. Pitot probe measurements were
made using Kulite and PCB pressure transducers to quantify the performance changes
since characterization was last performed. Aspects of the nozzle that were investigated include the radial uniformity of the flow, the effects that time and stagnation
pressure have on the flow, and the Reynolds number limits of low-disturbance flows.
Measurements showed that freestream noise levels are consistently around 0.01% to
0.02% for the majority of the quiet flow core, with quiet flow now achievable for
Reynolds numbers up to Re = 13.0×106 /m.
Additionally, while pitot probes are a widely used measurement technique for
quantifying freestream disturbances, pitot probes are not without drawbacks. In
order to provide a more complete methodology for freestream noise measurement
other researchers have started experimenting with alternate geometries, such as cones.
Using a newly designed 30◦ half-angle cone model, measurements were performed to
quantify the freestream noise in the BAM6QT and compare the performance with
another hypersonic wind tunnel. Also, measurements were made with three newly

xv
designed pitot sleeves to study the effects of probe geometry on freestream noise
measurements. The results were compared to recent DNS calculations.

1

1. INTRODUCTION AND BACKGROUND
1.1

Hypersonic Laminar-Turbulent Boundary-Layer Transition
When a fluid encounters a body at hypersonic speeds, a thin layer where the

effects of viscosity are significant forms close to the surface. Within this region,
known as the boundary layer, the fluid is decelerated from the freestream velocity
to zero at the surface. The boundary layer begins as laminar flow, where the fluid
moves in parallel layers to the surface and there is no mixing between the layers.
Inevitably disturbances are introduced into the boundary layer through a process
known as receptivity. These disturbances are then amplified causing the boundary
layer to become more unstable, which triggers a process known as transition. During
transition the disturbances continue to amplify and eventually breakdown causing the
fluid to enter a state of disorderly, chaotic flow known as turbulence [1].
Figure 1.1 shows a simplified schematic of the boundary-layer transition process.
The boundary-layer disturbances which ultimately lead to transition can be introduced by the freestream or by the body. Examples of freestream disturbances include
acoustic noise or vorticity while examples of disturbances introduced by the body
include surface roughness, and waviness [2]. Additional parameters such as Mach
number, wall temperature, angle of attack, and body curvature can greatly influence
the transition process. How these parameters interact with the physical mechanisms
of transition is not well understood. Thus, empirical or semi-empirical prediction
methods for transition location are used when designing hypersonic vehicles.
Accurately predicting the boundary-layer transition location during hypersonic
flight is critical for determining many key aerodynamic properties. These properties
include skin friction, heat transfer, and separation. These affect critical vehicle properties such as aerodynamic lift, drag, stability and control as well as thermal protective
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systems [3]. For example, the heat transfer associated with a turbulent boundary layer
is typically 3-5 times greater than that of a laminar boundary layer during hypersonic
flow [4]. The difference in heat transfer can lead to significant differences in the vehicle
design depending on which locations on the vehicle experience a turbulent boundary
layer. Without a thorough understanding of hypersonic boundary-layer transition,
efficient design of hypersonic vehicles can be difficult. Conservative vehicle design
could result in a vehicle that has over-designed features, adding superfluous costs and
weight. Alternatively, less conservative vehicle design could result in under-designed
features which could ultimately lead to vehicle failure. Thus, it is critical that a
reliable method to predict boundary-layer transition is developed.

1.2

Role of Freestream Noise in Transition
One of the critical disturbances that can lead to boundary-layer transition is

freestream acoustic noise. Acoustic noise is often the primary freestream fluctuation
present in hypersonic wind tunnels [3]. Wind-tunnel freestream noise is typically
defined as the root-mean-square of the pitot pressure fluctuations divided by the
mean pitot pressure, typically defined using the formula:
q
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p02
(p − p)
p̃0
%N oise =
· 100% =
· 100% = · 100%
p̄
p
p

(1.1)

where the quantity (p − p) is defined as the pressure fluctuations from the mean
pressure over a given time duration, denoted as p0 . Unless otherwise specified when
referring to “noise level” the author is referring to the percentage value calculated via
Equation 1.1.
For wind tunnels most of this acoustic noise is typically generated from the turbulent boundary-layer present on the nozzle wall. Figure 1.2, which shows a magnified
portion of a shadowgraph of a sharp cone model flying at Mach 4.3 on the Naval Ordnance Lab ballistics test range, provides a visual example of the difference between
the noise radiated from a fully turbulent boundary layer versus a laminar boundary layer. The lower surface of the cone shows a fully turbulent boundary layer,
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Figure 1.1. Diagram of boundary layer transition from laminar to
turbulent. Figure redrawn from Malik [2].
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Figure 1.2. Shadowgraph of sharp cone traveling down ballistic range
at Mach 4.3 illustrating the difference between noise radiated from
laminar versus turbulent boundary layer. The cone is traveling from
left to right at near zero angle of attack with a freestream Reynolds
number of 1.05×108 /m. Photo taken from Reference [5].

similar to those found on the walls of a conventional wind tunnel. The ripples are
acoustic noise emanating into the flow from the turbulent boundary layer. This environment is an example of “noisy flow,” where the pressure fluctuations become a
prominent flow feature. On the upper surface, a portion of the boundary layer is
laminar. The freestream above the laminar portion of the boundary layer shows low
levels of acoustic noise radiating into the freestream. This environment is an example
of “quiet flow,” where the pressure fluctuations are orders of magnitude lower than
those found in noisy flow conditions. Figure 1.2 illustrates the importance of the state
of the boundary layer with regard to noise radiated into the freestream.
Conventional hypersonic wind tunnels typically have noise levels that are one
to two orders of magnitude above those that are present at flight conditions [5].
For example conventional facilities have noise levels of 2-4% while quiet facilities
have noise levels around 0.05% or lower. Due to the elevated noise levels present in
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conventional wind tunnels, transition occurs much earlier than it does in flight. Figure
1.3 shows data collected from both ground and flight tests for transition on sharp
cones near zero degrees angle of attack. See Reference [6] for detailed sources of the
data presented. The data taken from the noisy ground test facilities show transition
occurring at lower Reynolds number at a given Mach number than those taken from
flight tests. This clearly shows that noise has an effect on transition measurements
in ground test facilities and that noise levels must be taken into account when using
ground testing in the vehicle design process.

Blunt flight data
Re-entry F flight data
Sherman flight data
Remainder of flight data
DiCristina ground-test collection
Langley quiet tunnel, run quiet
Langley quiet tunnel, run noisy
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Figure 1.3. Transition Reynolds number vs. Mach number for sharp
cones at near zero angle of attack. Figure reproduced with permission
from [6].
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1.3

Hypersonic Quiet Wind Tunnels
Early experimental studies of the role of freestream noise on transition Reynolds

number for supersonic and hypersonic flows were performed by Pate and Schueler.
They showed a direct relation between the transition Reynolds number on models and
the freestream noise emanating from a turbulent boundary-layer present on tunnel
walls [7]. Additional experiments by Wagner et al. provided further evidence that
transition appeared to be dominated by the sound radiation from the nozzle-wall
boundary layer [8]. Based on the results of those studies and at the recommendation
of the NASA Transition Study Group, development of the first quiet hypersonic wind
tunnel began at NASA Langley [9].
The Mach 3.5 Pilot Quiet Tunnel located at NASA Langley finished construction
in 1983. The tunnel was partially successful due to a combination of the following
characteristics [5]:
1. Flow entering the nozzle is “clean” with few particles and low fluctuations.
2. A bleed slot just upstream of the throat is used to remove disturbances in the
contraction-wall boundary layer.
3. A highly polished nozzle minimizes surface defects.
4. A carefully designed nozzle which utilized a rapid-expansion contour to delay
transition.
5. Flat nozzle side walls which are placed far enough away that noise radiated from
turbulence at higher local Mach numbers does not affect the quiet-flow core.
Using the characteristics listed above, the tunnel was able to achieve noise levels as
∞
low as 0.03% of the mean freestream static pressure ( ppf
). The axial length of the
∞

laminar quiet test core was found to be dependent on the unit Reynolds number. For
a unit Reynolds number of 2.5×105 /in., the length of the quiet flow core was 9.8 in.
However, for a unit Reynolds number of 10.0×105 /in., the length of the quiet flow core

7
had shrunk to an axial distance of 2.4 in. This resulted in nearly all of the transition
measurements being made in partially quiet flow, where only the upstream portion
of models were in the quiet flow region. While never quantified, it was surmised that
the elevated noise levels present for the further aft sections of model had a significant
effect on transition measurements [5]. Ultimately this demonstrated that an optimal
quiet tunnel should have quiet flow for the entire spatial region where transition
measurements are made.
In addition to the Mach-3.5 nozzle, a Mach-6 nozzle was also built and retrofitted
to the Langley nozzle test chamber facility. The Mach-6 nozzle, which was completed
circa 1990, incorporated slow expansion rates in an attempt to limit the growth
of the Görtler instability mechanism due to regions of concave curvature [10]. The
performance of the Mach-6 nozzle was thoroughly evaluated by Blanchard in 1997 [11].
It was found that the flow control techniques implemented in the Mach-6 nozzle were
largely successful at producing an extensive region of uniform quiet flow with noise
levels as low as 0.06%. Additionally, the nozzle achieved uniform flow with M = 5.91
beginning 52.73 cm downstream of the throat and extending beyond the nozzle exit.
This Mach-6 quiet nozzle was moved to Texas A&M University in 2005 as part of
the National Aerothermochemistry Laboratory facility, where it is used to this day
for fundamental studies of boundary-layer stability and transition. The tunnel was
characterized after the move by Hofferth et al. where it was found that the quiet-flow
capabilities of the nozzle were largely consistent with those found at NASA Langley,
albeit with increased intermittency at higher constant stagnation pressure runs [12].
Note that this is just a brief overview of the development of hypersonic quiet wind
tunnels with select facilities highlighted. See reference [5] for an in-depth history.
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1.4

Previous Research on Boeing/AFOSR Mach-6 Quiet Tunnel Flow
Quality
With the end of the Cold War, activity and interest for hypersonic instability

and transition measurements began to fall off. However, Schneider recognized that
there was a niche market for a university-run quiet wind tunnel to supplement the
hypersonic boundary-layer transition research performed at the NASA Langley Mach6 facility [5]. Beginning in fall 1989 hypersonic transition research was pursued at
Purdue University with a desired goal of creating a facility with performance characteristics similar to the NASA Langley Mach-6 tunnel, however, with the additional
goals of lower operational costs and a larger test section. This effort culminated in
the Boeing/AFOSR Mach-6 Quiet Tunnel (BAM6QT). The BAM6QT utilizes bleed
slots present at the throat which can be opened or closed before a run. Running the
tunnel with the bleeds closed results in “conventional” or “noisy flow”. Running the
tunnel with the bleeds open results in “quiet flow.”
When the BAM6QT is operated with the bleeds closed the boundary layers present
on the nozzle wall are turbulent. When the tunnel is operated with the bleeds slots
open the boundary layers present on the nozzle wall are laminar. Turbulent boundary
layers result in more noise being radiated from the boundary layers when compared to
laminar boundary layers. This is analogous to the example show in Figure 1.2 which
shows that turbulent boundary layer radiate more noise than laminar boundary layers.
Additionally, turbulent boundary layers result in a thicker boundary layer present on
the nozzle wall than for a laminar boundary layer. Thicker boundary layers result in a
Mach number decrease since the sonic area of the throat remains relatively constant,
however, the relative area downstream of the throat decreases. This results in a lower
Mach number for a supersonic converging-diverging nozzle. Therefore, it is expected
to see significantly different performance for the BAM6QT based on if the bleed slots
are closed or open.
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The BAM6QT was completed in 2001. However, high pressure quiet flow was not
achieved until late 2006. During this five year period many of the research efforts at
the facility were focused on the flow quality of the BAM6QT. Initial measurements
were performed by Schneider and Skoch [13]. Measurements of the mean pressure
and pressure fluctuations were taken along the centerline at an axial location of z =
84.31 in. downstream from the throat for initial stagnation pressures ranging from
p0i = 15 to p0i = 140 psia. For p0i < 50 psia, the Mach number decreased as
stagnation pressure increased. This result is surprising since one would assume that
as stagnation pressure increases the nozzle boundary-layer thickness should decrease
thus increasing the area ratio from the throat ultimately leading to a higher Mach
number in the test section. This result remains unexplained since the BAM6QT has
since achieved quiet flow at higher Reynolds numbers and nearly all experiments are
performed at these higher Reynolds numbers. For p0i > 50 psia the Mach number
measured was approximately constant between 5.6 and 5.7. The noise levels measured
monotonically decreased from 4% for p0i = 15 psia to 1% for p0i = 150 psia. There
was no noticeable difference in the measured Mach numbers and noise level measured
with the bleed slots open versus when the bleeds slots were closed, thus showing that
the tunnel had not yet achieved low disturbance flow. It was thought that fluctuations
in the bleed-slot were the main cause of early nozzle wall boundary layer transition
and the lack of quiet flow.
While evaluating different bleed slot geometries, more measurements of the flow
quality were taken in 2002 [14]. Pitot measurements taken along the centerline showed
results similar to those found in [13]. Additionally, initial measurements of radial
uniformity were taken in 2002. Measurements of the lower half of the nozzle were
taken at axial locations of z = 84.63 in. and z = 93.5 in. for initial stagnation
pressures of p0i = 15 psia and p0i = 80 psia. At z = 84.63 in. for p0i = 15 psia the
boundary layer was measured to be approximately 2.5 in. thick with the boundarylayer thickness decreasing to approximately 1.6 in for p0i = 80 psia. Inside of the
boundary layer the mean pitot pressures were fairly uniform and the fluctuations
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remained fairly constant for both initial stagnation pressures with a measured noise
level of around 4% for p0i = 15 psia and around 1% for p0i = 80 psia. For p0i = 80
psia the measured Mach number varied from 5.8 just outside the boundary layer to
5.95 near the centerline with a variation of about ±1%. For p0i = 15 psia the Mach
number varied from 6.0 just outside the boundary layer to 6.1 near the centerline.
Measurements taken at z = 93.5 in. for p0i = 80 psia showed that the boundary
layer thickness had grown from 1.6 in. at the upstream location to about 2.6 in.
Additionally, the measured Mach number in the core region was approximately 5.75,
a 1-3% decrease from the value measured at the upstream location, however, the noise
levels remained constant at 1%.
The most recent tunnel flow quality assessment in the BAM6QT was performed
in 2010 by Steen [15]. Steen performed axial and radial uniformity measurements
at varying stagnation pressures to characterize the performance of the nozzle as well
as making measurements to support the fabrication of a new nozzle throat, which is
still being fabricated. Steen found that for a bleeds closed configuration the noise
levels range between 2.2% and 3.5% depending primarily on the stagnation pressure,
with the noise level decreasing as the stagnation pressure increased up to p0i > 140
psia, where the noise level remained constant as the stagnation pressure increased.
These noise levels match those found in similar conventional facilities of comparable
Reynolds and Mach numbers such as the VKI hypersonic facilities [16] and AEDC
Hypervelocity Wind Tunnel No. 9 [17]. The noise levels also depended on the axial
and radial location with the noise levels increasing farther downstream and nearer
to the centerline. Mach number was found to range between 5.7 and 5.8 depending
primarily on stagnation pressure as well. For bleeds open flow the noise levels up to
t = 2 s were found to range from 0.01% up to 0.04%, with a typical noise level of
approximately 0.01%. After t ≈ 2 s an increase in noise level was measured. Mach
numbers were typically found to range between 5.9 and 6.2. The maximum quiet
pressure was found to consistently around 142 psia.
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Typically when BAM6QT researchers have opened up the nozzle, performance
dramatically decreases with performance gradually returning after a sufficient number
of high pressure “dust blowing” runs were performed. However, when the nozzle was
opened in June 2010 the performance of the tunnel did not follow this pattern. After
seven test runs, no quiet flow was observed. The throat was reopened and a sufficient
number of scratches were found to justify re-polishing the nozzle. The nozzle was
removed and sent to American Pride Mold Polishing at the end of June 2010. The
nozzle was re-polished by Paul Thomas and re-installed in July 2010. After one
month’s worth of testing (76 runs) the maximum quiet pressure had reached 111
psia. After two months of testing (over 200 runs) the maximum quiet pressure was
consistently around 164 psia, thus showing that the performance of the nozzle had
not only returned, but increased. Unfortunately the nozzle was re-installed near the
end of Steen’s experiments, therefore she was unable to perform an in-depth survey
of how the nozzle performance had changed due to the re-polishing.
In addition to experimental measurements there is also significant research in
creating DNS models in order to better understand the flow characteristics of the
BAM6QT. DNS methods developed by Zhang and Duan as well as Chaudhry and
Candler have significantly increased the understanding of the flow in the BAM6QT
[18] [19]. While beneficial DNS methods are not perfect. Computational methods
inevitably require that assumptions are made which ultimately limit the scope of the
computations. Therefore it is critical that both experiments and computations work
together to increase the collective understanding of flows in hypersonic wind tunnels.

1.5

Hypersonic Nozzle Characterization Measurements
Unfortunately hypersonic tunnel characterization is not a simple task. Running

a hypersonic wind tunnel is significantly more expensive and time consuming when
compared to a low speed facility. Furthermore, a perfect apparatus does not exist for
making characterization measurements. Because no method is perfect, a multitude of
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methods for measurements have been developed including hot wires, hot films, pitot
probes, laser doppler velocimetry, alternative geometry probes (cones and wedges),
etc. Additionally, when using an intrusive method such as probe, it is fundamentally
impossible to make direct measurements of the freestream in a hypersonic wind tunnel.
Placing a body in hypersonic flow inevitably causes the formation of shock waves,
which the freestream flow must pass through before measurements can be made.
This means that any measurement taken using an intrusive body can only measure
the flow after it has been processed by the generated shock waves. This unfortunate
reality has given rise to the study of the transfer function, which is an attempt to
quantify the effect that a shockwave has on the flow passing through it.
Most previous measurements of the flow quality in the BAM6QT were taken using high frequency pressure transducers installed in a pitot probe geometry. Pitot
probes are typically used in the BAM6QT and other hypersonic facilities because
they are relatively simple and easy. However, the transfer function is not completely
understood for pitot probes. Previous research by Stainbeck and Wagner, published
in 1972, concluded that the transfer function for the pitot probe was independent of
probe geometry [20]. Chaudhry and Candler recently examined the transfer function
for several pitot probe geometries and disturbance types using Direct Numerical Simulation (DNS). It was found that the transfer function is a strong function of probe
geometry, and there is a primary resonance related to the shock standoff distance,
presumably invalidating the conclusions from Stainbeck and Wagner [20] [18].
Recently other research facilities have started experimenting with freestream noise
recovery using probes of alternate geometries, such as a cone, with the intent of
measuring freestream disturbances while avoiding the complexity of the subsonic flow
behind the bow shock generated by a pitot probe [21]. These experimental efforts
were inspired by the receptivity studies conducted by Balakumar et al. and Kara
et al. which studied the transfer function for the slow acoustic wave entering the
boundary layer on a conical geometry [22] [23]. Ali et al. measured the high-frequency
acoustic disturbances of the hypersonic Ludwieg tube at the Technische Universität
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Braunschweig (HLB) using a 30◦ half-angle cone probe to measure the tunnel noise.
Additionally, corresponding DNS calculations of the transfer function were performed.

1.6

Experimental Goals
Hypersonic nozzle characterization requires a significant investment of money and

time. Additionally in order to complete a robust characterization of the BAM6QT
measurements using a multitude of apparatuses would be required. This is realistically impossible, especially for the short duration of a typical Master’s degree.
Therefore when planning to characterize the nozzle it was critical to limit the scope
of experiments to create a reasonable set of measurements to determine the most
important aspects on the flow in the nozzle.
The initial goal of this thesis was to continue the previous work of characterizing
the flow present in the BAM6QT. Early in the planning process it was proposed that
new equipment such as a rake or wheel of pitot probes could be used as a more efficient means to generate a flow map. However, this method came with a number of
drawbacks. A pitot rake or wheel would require a large amount of B-screen Kulites
which were not available during the time frame of this research. Additionally, designing a rake is not a trivial task. A newly designed rake would have to consider issues
such as tunnel blockage, structural integrity, and ensuring that measurements are not
affected by nearby sensors. Given the difficulties in creating a new pitot rake, and the
current BAM6QT researchers lack of experience with pressure transducers in pitot
probes, it was ultimately decided to instead focus on more manageable measurements
of flow characterization.
The main goals and the underlying motivation of the experiments performed are
outlined as follows:
1. The last attempt at an in-depth nozzle characterization was completed in 2010.
Near the end of the experiments, the BAM6QT nozzle was re-polished in July
2010. In the six years (after the nozzle was re-polished) it has been noticed
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by BAM6QT researchers that the quiet flow capabilities of the facility have
reached higher Reynolds numbers. This research aims to quantify how the
flow characteristic of the facility have changed since the work performed by
Steen, particularity how the nozzle re-polishing in July 2010 has affected the
performance of the nozzle.
2. All previous tunnel characterization has been performed using Kulite pressure transducers. These senors typically have a diaphragm natural resonance
around 200 KHz, which limits the frequency bandwidth of power spectra to approximately 0-50kHz. Second-mode waves are typically measured around 300
kHz [24] [25], a bandwidth where the power spectra have never been resolved
using pitot sensors in the BAM6QT. By using a PCB pressure transducer in a
pitot probe this research aims to quantify the high-frequency freestream power
spectrum of the BAM6QT.
3. Recent DNS computations have suggested that recovery of freestream disturbance spectra using flush mounted pressure transducers in pitot probes is dependent on probe geometry. These experiments intend to experimentally investigate the effects of probe geometry on the recovery of freestream disturbance
spectra, ultimately leading to a better understand of the transfer function when
making measurements of a hypersonic flow using a pitot probe.
4. Recent research has suggested that in addition to pitot probes, alternate probe
geometries such as cones may also be used to determine flow characteristics.
Another wind tunnel facility (the HLB) has begun to experiment with a cone
probe to make characterization measurements. These experiments aim to perform measurements in the BAM6QT using a cone probe of similar geometry to
that used in the HLB facility to create a comparison between the two facilities.
Additionally, the HLB facility is a conventional wind tunnel and it does not possess the quiet flow capabilities of the BAM6QT. Therefore, these experiments
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also aim to perform measurements using the cone probe in quiet flow conditions
in the BAM6QT.
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2. APPARATUS
2.1

Boeing/AFOSR Mach-6 Quiet Tunnel
The Boeing/AFOSR Mach-6 Quiet Tunnel, located at Purdue University, is a

hypersonic low-disturbance wind tunnel capable of achieving freestream noise levels
as low as 0.01% [15]. The BAM6QT, shown in Figure 2.1, is a Ludwieg tube design.
The upstream region consists of a long driver tube, including a converging-diverging
nozzle, and the downstream region consists of a large dump tank. The two regions are
separated by a pair of aluminum diaphragms. The first region is filled to the desired
pressure with highly filtered air while the dump tank is simultaneously pumped down
to near vacuum. The pressure in the gap between the two diaphragms is maintained
at half of the pressurized region of the tunnel. To start a run the diaphragms are burst
via evacuating the pressure maintained between them. When the diaphragms burst
an expansion wave travels upstream through the nozzle and a shock wave travels
downstream. The expansion wave then continues to propagate upstream until it
reaches the end of the driver tube, where it then reflects off the end wall. The
expansion waves continues to reflect back and forth in the driver tube, causing a
quasi-static drop in the total pressure during a run.

Figure 2.1. Schematic of Boeing/AFOSR Mach 6 Quiet Tunnel.
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Through the use of three key features, the BAM6QT is able to maintain noise
levels as low as 0.01%. Firstly, the nozzle is fitted with a bleed slot that bleeds the
boundary layer away entering the nozzle, leaving a fresh laminar boundary layer along
the nozzle. Secondly, the nozzle is polished to a mirror finish to minimize effects of
surface roughness on the boundary layer of the nozzle. Finally, the diverging section
of the nozzle is elongated to limit the growth of the Görtler instability. If the fastvalve bleed suction is not used the BAM6QT is also able to operate as a conventional
tunnel with noise levels around 3% [15].

2.1.1

Nozzle Section 8

The BAM6QT does not contain a traditional “test section.” Instead models are
typically placed at the end of the diverging section of the nozzle (section 8) where
the change in tunnel diameter is very gradual. The curved part of the nozzle ends
at z = 101.734 in. and the nozzle itself ends at z = 101.975 in. where z is the
downstream distance measured from the throat [5]. Figure 2.2 shows a diagram of
the test section with a generic 7.5◦ half-angle cone, the shock waves generated by
the cone, and the predicted onset of uniform flow and tunnel noise. The rectangles
represent the location of windows which are typically used for optical measurements
of models. Note that while this schematic includes a 7.5◦ half-angle cone, that is just
an example model. All experiments presented in this thesis were performed with a 1.5
in. diameter base, 15◦ half-angle cone mounted in the sting support. This cone was
installed in the sting support with the sole intention of increasing the run time and
had no effect on the pitot probe measurements made upstream of the sting support.
The nozzle is designed using the method of characteristics to achieve uniform
quiet flow at the exit, thus the location of the onset of uniform flow is predicted by
tracing the Mach lines upstream from the nozzle exit to the centerline. In Figure
2.2 the red lines represent the Mach lines from the uniform flow at the exit. This
results in a theoretical onset location of uniform flow on the centerline at z = 71.13
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Figure 2.2. Schematic of BAM6QT nozzle with 7.5◦ half-angle cone
and resulting shock wave. Flow is from left to right. Figure reproduced from Reference [5].

in. The onset of noise occurs somewhere along the nozzle wall, expanding inward
along a characteristic line, represented by the blue dashed line in Figure 2.2. The
combination of the onset of uniform flow and the onset of noise creates a region of
uniform, quiet flow in the nozzle with the shape of two right circular cones that share
a common base. Determining the physical extent of the uniform, quiet flow region
remains a crucial part of understanding the flow characteristics of the BAM6QT and
quantifying the region is a major focus of this thesis.

2.2

Instrumentation

2.2.1

Traverse and Probes

The BAM6QT is equipped with a traverse system ( Figure 2.3) which allows for
the precise placement of probes as well as for traversing within the nozzle during a
run. The traverse system consists of an Aerotech BMS280-AH-MS-E100H brushless
rotary motor and a NDriveHL 10-80-A-IO controller to move probes prior to or during
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a run. An Agilent E3631A-0EM triple-output power supply is used to power the
motor. Probes are suspended in the nozzle using traverse probe mounts. The pitot
probes consist of a brass double wedge support structure, as well as two rods and a
tube (for the sensor wire) which extend from the top of the support structure through
a 12.5 in. slot that is machined in the nozzle. The probes also pass through a brass
traverse bar which is clamped on top of the slot to create a seal. The rods on the
traverse probe mounts are clamped to a Parker rail positioner which is driven by the
rotary motor. The rail positioner allows for the probes to move vertically within the
nozzle. Additionally, the traverse system is also attached to a threaded rod which
allows for the traverse to move streamwise (but not during runs).

Figure 2.3. Traverse system with pitot probe installed. Photo taken from [15].

Six different traverse probe mounts were used during testing. The probes are able
to traverse approximately 4.5 in. vertically and 9 in. axially. Since the test section
has a 9.5 in. diameter, different probes are required to traverse the upper and lower
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halves of the tunnel. Additionally, since the traverse can only travel a relatively short
distance axially, pitot probes with different axial lengths were used to increase the
potential measurement area. The short pitot probes have a 2.5 in. rod attached to
the bottom of the brass support structure and the extended probes have a 12 in. rod
attached to the brass support structure.
Four of the pitot probes are designed to hold Kulite XCQ-062-15A pressure transducer sensors. Additionally one probe is designed to accommodate a PCB132A31
pressure transducer sensor. One traverse probe mount was created to accommodate
the newly designed 30◦ half-angle cone probe. This traverse probe is similar in design
to the other traverse mounts. However, the brass support structure is attached to
a 0.25 in. diameter rod with a threaded end which the cone probe is attached to.
Figure 2.4 shows the various traverse mounts used in the BAM6QT.

(a) Four traverse mounts demonstrating the

(b) Traverse mount designed to accommo-

different axial lengths and vertical heighs of

date the newly designed 30◦ half-angle cone

the probes.

probe.

Each probe is equipped with

a Kulite XCQ-062-15A pressure transducer.
Photo taken by Steen [15].

Figure 2.4. Traverse probe mounts used in the BAM6QT.

Figure 2.5 shows Figure 2.2 with an overlay displaying the range of measurements
possible using the four Kulite pitot probes. The blue shaded region represents the
area that can be measured with the short pitot probe with the extended brass support
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and the purple region represents the area which can be measured using the short pitot
probe with the shorter brass support. The golden shaded region represents the area
that can be measured with the long pitot probe with the shorter brass support and
the green region represents the area which can be measured using the long pitot probe
with the extended brass support. The red lines represent the axial and vertical limits
for the all four of the pitot probes. Note that the pitot probe equipped with the PCB
and the probe designed for the 30◦ half-angle cone are limited to the purple region of
the test section.

Figure 2.5. Schematic of the BAM6QT test section with an overlay
displaying the regions that are measurable using the traverse probes.
Figure modified from Steen [15]

2.2.2

Pitot Sleeves

Three pitot sleeves which were designed to slip onto the end of existing, longer rod
traverse probe mounts were also used. Each pitot sleeve was created with a hole for
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the Kulite sensor. The sleeve was slid over the front of the pitot probe with a Kulite
installed in the probe and the sleeve was then held in place with four set screws offset
by 90◦ azimuthally. The Kulite was not installed in the sleeve before sliding onto
the end of the pitot probe. The sleeves were designed so that the sensor head of the
Kulite was nominally flush with the flow facing end of the pitot sleeve. The sleeves
alter the probe geometry and ultimately change the bow shock standoff distance
in front of the pitot probe. This was motivated based on the computational work
of Chaudhry and Candler, which showed that the transfer function across the bow
shock in front of a pitot probe is a strong function of probe geometry and that there
is a primary resonance related to the shock standoff distance [18]. Three different
flow facing diameters were chosen to investigate the effect of shock stand off distance
on measurements. The flow facing diameters for the pitot sleeves are 0.118 in, 0.236
in, and 0.283 in. Figure 2.6 shows an example sleeve drawing as well as the sleeve
installed on the traverse probe mount. See Appendix D for detailed drawings of all
three pitot sleeves used in experiments.

2.2.3

Kulite Pressure Transducers

Measurements of the mean and fluctuations of the stagnation pressure were made
using Kulite dynamic pressure transducers. The Kulites utilize a silicon diaphragm
where one side is exposed to an external pressure and the other is kept at a known
reference pressure. The sensor uses a Wheatstone bridge and piezoresistive strain
gage elements on the diaphragm to measure the changes in resistance due to strain
as the diaphragm flexes from pressure changes. This results in a linear correlation
between the pressure measured by the sensor and the voltage output by the sensor.
The Kulites used in the various probes were model XCQ-062-015 which consists
of the piezoresistive circuit in a 0.066 in. diameter cylindrical housing. This specific
model is mechanically stopped at 15 psia and has a typical diaphragm natural frequency (without screen) of approximately 200 KHz. There are two types of screens
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(a) Large pitot sleeve used in experiments.

(b) Pitot sleeve installed on traverse probe.

Figure 2.6. Example pitot sleeve used in the BAM6QT.
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used to protect the diaphragms. A-screens consist of a single 0.040 in. hole at the
sensor face. B-screens consist of a ring of eight 0.006 in. holes around the periphery of the sensor face. B-screens provide better protection for the sensor at the cost
of performance. B-screen Kulites typically provide a flat frequency response up to
20% of the diaphragm resonance, whereas A-screens typically have a flat frequency
response up to 30%-40% of the diaphragm resonance [26]. Since the pressure transducers are directly exposed to the flow in a pitot probe configuration, measurements
were typically made with B-screen Kulites to protect the sensors from damage. For
purposes of reporting results it should be assumed that measurements were taken
with B-screen Kulites unless otherwise specified.
The Kulites are powered and the output voltages are processed using custom built
electronics. The transducer output is amplified by a gain of 100 and the resulting
output is the DC signal from the sensor. To produce the AC signal from the sensor,
the DC signal is then high-pass filtered at 840 Hz and amplified again by a gain of
100, resulting in a total gain of 10,000. Data from all sensors were collected using
Tektronix DPO7054 or DP7104 Digital Phosphor Oscilloscopes operating in Hi-Res
mode for increased vertical resolution. Data was typically sampled at either 1MHz
or 2 MHz. Data were collected for 0.5 seconds before the run and between 4.5 and
9.5 seconds during the run. The DC signal from the sensor when DC coupled on
the oscilloscope was used for all mean pressure measurements. The DC signal from
the sensor when AC coupled with the oscilloscope was used to calculate the level of
fluctuations in the nozzle during noisy flow conditions. Since the fluctuations are
much smaller when running in quiet flow configuration the AC signal from the sensor
was used to measure the fluctuations when the bleeds valves were open. Since the AC
signal from the sensor is amplified by 100 times from the DC signal from the sensor,
the amplitude of the AC signal from the sensor during noisy flow conditions exceeds
the voltage capabilities of the amplifier, thus the AC signal from the sensor cannot
be used for measurements made under noisy conditions.
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Additionally, two Kulite pressure sensors are required to operate the BAM6QT.
A Kulite XTEL-190-500A is installed flush-mounted in the wall at the beginning of
the contraction section, upstream of the converging-diverging nozzle. This particular
Kulite measures up to a pressure of 500 psia, thus it is suitable to measure the
pre-run stagnation pressure in the BAM6QT. A Kulite XCQ-062-15A is installed in
the diffuser downstream of the test section. This is the exact same sensor as those
installed in the various probes. As stated above this sensor is mechanically stopped
at 15 psia and at pressures of greater than 15 psia the sensor outputs a constant 12V
signal. This feature is exploited to ensure a consistent procedure for the collection of
data at the start of the run. During the tunnel start-up the pressure in the diffuser
section rapidly drops below 15 psia and the subsequent sudden decrease in output
voltage is used to trigger the oscilloscopes.
In order to calibrate the Kulite pressure transducers, an in-situ calibration process
was utilized where a pressure was applied to the sensor and the output voltage was
recorded. This process was repeated with a different applied pressure until the linear
correlation between pressure and voltage is determined. Since the probe Kulites are
mechanically stopped at 15 psia, this calibration process required pumping the upstream end of the BAM6QT to sub-atmospheric pressure. The applied pressure was
measured by a Paroscientific Model 740 Digiquartz Portable Standard and the corresponding voltage was measured by the oscilloscope. The oscilloscope was triggered
and the mean DC output voltage was averaged over a 10 second window. Immediately after triggering the oscilloscope the applied pressure was measured by the
Paroscientific and recorded. A linear regression was then performed on the data to
generate a relationship between the voltage measured by the oscilloscope and the
applied pressure. See Appendix A for detailed calibration data.
The Kulite installed in the contraction section of the nozzle was calibrated three
times over the course of experiments, this Kulite was calibrated during the second,
fifth, and sixth tunnel entries. The resulting linear regression curves from the cali-

26
brationstypically agreed within ± 0.3 psia. For entries where the contraction Kulite
was not calibrated a previous calibration curve was used.

2.2.4

PCB Piezoelectronic Pressure Transducers

High frequency pressure fluctuation measurements were made using PCB132A31
pressure sensors, manufactured by PCB Piezotronics, Inc. The PCB sensors utilize
piezoelectric crystals which release an electrical charge when strained from an applied
pressure. The signal from the PCB sensor is high-pass filtered above 11 kHz, eliminating the mean pressure and leaving only measurements of the pressure fluctuations.
The sensors have a flat response between 20 and 300 kHz and have a nominal resonant
frequency above 1MHz, thus PCB sensors are effective at measuring higher frequency
pressure fluctuations that the Kulites cannot measure [26].
To convert the output voltages to pressure, the factory calibration is used. The
sensors were designed as time-of-arrival sensors. They are not calibrated with the
intent of measuring small pressure fluctuations, therefore the pressure fluctuations
measured have an unknown degree of uncertainty. A shock tube apparatus has been
constructed at Purdue University by Berridge for the purpose of obtaining improved
dynamic calibrations with preliminary results showing that the manufacturer’s calibrations have limited accuracy for amplitude measurements [27], however, in lieu of
an acceptable alternative the data presented in this work uses the factory calibrations.

2.2.5

Cone Probe

In addition to a traditional pitot probe, measurements were also made using a
30◦ half-angle cone model based on a design used at hypersonic Ludweig tube at the
Technische Universität Braunschweig (HLB). A cone geometry was chosen based on
the observations of Balakumar who investigated the transfer function of freestream
fluctuations onto the surface of a cone [23]. The large cone half angle was selected to
allow for enough space for multiple sensors near the nose tip of the model [21].
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(a) 30◦ half-angle cone installed on the

(b) 30◦ half-angle cone installed in

newly designed traverse probe.

BAM6QT.

Figure 2.7. 30◦ half-angle cone used in the BAM6QT.

The model used in the BAM6QT was a 55% scale model of the cone probe used
in the HLB. The cone is a right circular cone with a 30◦ half-angle, a 2-inch base
diameter, a total length of 1.732 inches, and a nominally sharp nose tip. Figure 2.7
shows the 30◦ half-angle cone installed on the newly designed traverse support as well
as the cone probe installed in the BAM6QT. See Appendix D for a detailed drawing
of the 30◦ half-angle cone used in experiments. The cone was outfitted with a Kulite
XCQ-062-15A pressure transducer and a PCB 132A31 pressure transducer located at
a axial distance of 0.562 inches downstream of the nosetip. Both sensors were flush
mounted to the surface of the cone. These sensors were used to simultaneous measure
the pressure fluctuations on the surface of the cone. The sensors were offset by 90◦ .

2.3

Determining Flow Characteristics

2.3.1

Hot Films

While pitot probes can provide a quantitative measurement of the noise levels in
the tunnel, their use is intrusive and can interfere with the flow field around a model.
Hot films provide an alternative to measure when the boundary-layer on the nozzle
wall is laminar, turbulent, or separated. The hot films installed in the BAM6QT are
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not calibrated and can only provide qualitative measurements, however, in lieu of
using pitot probes, they are able to provide a reasonable measurement of the state of
the boundary layer.
The BAM6QT is outfitted with a custom Senflex hot film array installed on the
wall of the nozzle. The array consists of hot films placed at 35 different axial locations
each spaced 0.25 in. apart. Typically the data from only one hot film, located at z =
74.5 in., was recorded per run. A Bruhn-6 Constant Temperature Anemometer was
used to keep the hot films at a constant temperature. Figure 2.8 shows sample traces
from quiet and noisy runs at an initial stagnation pressure of 150 psia. An offset was
added to further illustrate the qualitative differences between the two traces. At t
≈ 0.3 s the tunnel has fully started for both cases. For the quiet flow run reliable
data can be taken up to t ≈ 2.5 s. The increase in noise after t ≈ 2.5 s is caused by
the intermittent growth of second-mode waves in the laminar nozzle wall boundary
layer [15] [28]. For quiet flow, tunnel un-start occurs at t ≈ 5 s and for a noisy flow
run data can be taken for up to t ≈ 8 s.

2.3.2

Similarity Parameter Calculations

In addition to matching pressure fluctuations, it is also critical for ground experiments to match Mach and Reynolds number similarity parameters to flight conditions.
The procedure to determine these similarity parameters in the BAM6QT is as follows.
Prior to a run the initial stagnation pressure, and initial stagnation temperature are
recorded by the operator. The initial stagnation pressure is measured using a Kulite
pressure transducer mounted in the beginning of the contraction section as described
in Section 2.2.3. Additionally, since the Mach number at this location is 0.003, the
pressure measured can also be assumed to be the stagnation pressure p0,i [15]. Isentropic relations are used to determine the stagnation temperature during the run.
Using the initial stagnation pressure, stagnation pressure during the run, and the ini-
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P0 = 150 psia, T0 ≈ 430K
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Figure 2.8. Hot film traces with voltage offsets added showing the
qualitative differences between noisy and quiet flow.

tial stagnation temperature the stagnation temperature during the run is calculated
using:

T0 = T0i

P0
P0i

 γ−1
γ
(2.1)

Additional isentropic relations are used to calculate the static pressure and static
temperature:

P = P0

T =

γ−1 2
1+
M
2

1+

 γ−1
γ

T0

γ−1
M2
2

(2.2)

(2.3)

The static temperature and pressure are then used to calculate the unit Reynolds
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number. The full MATLAB code used to determine the unit Reynolds number is
shown in Appendix B. The Mach number used in Equations 2.2 and 2.3 is determined based on the methodology shown below, unless that Mach number cannot be
calculated (for example when using a PCB), in which case the Mach number is assumed to 5.8 for noisy flow and 6.0 for quiet flow. The difference in Mach number
arises from the thicker turbulent boundary layer that develops on the nozzle wall during noisy flow conditions. This thicker boundary layer reduces the effective area ratio
between the throat and the nozzle exit. These Mach numbers are assumed based on
previous measurements made in the BAM6QT [15].

Mach Number
The stagnation pressure measured by the Kulite mounted in the Pitot probe is
assumed to be the stagnation pressure behind a normal shock, p02 . The upstream
stagnation pressure, p01 , is measured by the Kulite just upstream of the contraction
section. The mean of the DC signal from each of these sensors is used to find the
ratio of stagnation pressures p02 /p01 . For isentropic flow:
p0
=
p


 γ
γ − 1 2 γ−1
1+
M
2

(2.4)

where γ is the ratio of specific heats cp /cv [29]. For a normal shock:

p2
2γ
=1+
M12 − 1
p1
γ+1
M22

2 + (γ − 1)M12
=
2γM12 − (γ − 1)

(2.5)

(2.6)

where the subscript 1 denotes the pre-shock quantity and the subscript 2 denotes the
post shock quantity [29]. Combining Equations 2.4, 2.5, and 2.6 yields the Rayleigh
Pitot-tube formula:
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γ 
 γ−1


1 − γ + 2γM12
p02
p0 2 p2
(γ + 1)2 M12
=
=
p1
p2 p1
4γM12 − 2(γ − 1)
γ+1

(2.7)

which expresses the ratio of post-shock stagnation pressure to pre-shock static pressure solely as a function of freestream Mach number. Since Equation 2.4 is also a
function of Mach number, the ratio of post-shock stagnation pressure and pre-shock
stagnation pressure is also a function of freestream, pre-shock Mach number:

γ 
 γ−1


 −γ
p02
p02 p1
(γ + 1)2 M12
1 − γ + 2γM12
γ − 1 2 γ−1
(2.8)
=
=
1+
M1
p01
p1 p01
4γM12 − 2(γ − 1)
γ+1
2

Thus, by measuring the post-shock stagnation pressure with a Kulite installed on
a pitot probe and the pre-shock stagnation stagnation pressure with the Kulitie installed in the contraction section, the free stream Mach number can be calculated
by rearranging and numerically solving Equation 2.8. See Appendix B for MATLAB
code which numerically solves for freestream Mach number.

2.3.3

Nozzle Area Ratio

For supersonic, quasi-one-dimensional flow in a nozzle the Mach number is dependent only on the ratio of the inviscid cross-sectional area at a measurement location
to the inviscid cross-sectional area at the throat (sonic point),

A
.
A∗

This suggests that

changes in calculated Mach number result from the changing nozzle inviscid area at
the location of measurement. The inviscid area is separated from the nozzle wall
by the displacement thickness δ ∗ . Since the BAM6QT is axisymmetric the displacement thickness is assumed to be azimuthally uniform. The area ratio A/A∗ can be
calculated from Mach number by [29]:


A
A∗

2



 γ+1
1
2
γ − 1 2 γ−1
= 2
1+
M
M γ+1
2

(2.9)
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For the BAM6QT nozzle the sonic area, A∗ is known to be 1.21 in.2 and the nozzle
exit radius R is known to be 4.763 in. [15]. Thus using Equation 2.9 the displacement
thickness can be calculated by:
s
∗

δ =R−

A∗

A
A∗

π

s


= 4.75 −

1.21 AA∗
π


(2.10)

It should be noted that Equations 2.9 and 2.10 are derived using quasi-onedimensional assumptions and thus are not accurate for the multi-dimensional flow
present in the BAM6QT. However, in lieu of more complicated analysis these assumptions provided good rough estimates of the boundary-layer thickness and area
ration in the BAM6QT.

2.3.4

Noise Levels

Since the low pressure fluctuations are critical to the research performed in the
BAM6QT, it is vital to quantify the noise levels of the tunnel. The noise level of the
tunnel is defined as the root-mean-square (RMS) of the pitot pressure fluctuations
normalized by the mean pressure as shown in Equation 1.1. Traditionally, researchers
in the BAM6QT would calculate the noise levels directly from the mean pressure
and fluctuations readings from Kulite pressure transducers. Kulites typically have a
resonant frequency between 200 and 350 kHz. Therefore, if the signal is sampled at
a higher frequency without using a low-pass filter the noise levels calculated using
Equation 1.1 will include this resonance, leading to calculated pressure fluctuations
that are higher than those actually present in the flow.
Steen remedied this by calculating the RMS of the pressure fluctuations by integrating the power spectral density (PSD) of the fluctuations over the frequency
bandwidth of interest, typically 0-50 kHz for a Kulite and 11-1000 kHz for a PCB, in
lieu of using Equation 1.1 [15]. The noise level calculations performed in this thesis
closely followed the method developed by Steen. Each PSD was taken from 0.1 sec-
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onds of pressure data from the Kulite sensor. For quiet flow the pressure fluctuation
data was taken from the AC signal from the sensor and for noisy flow the pressure
data was taken from the DC signal from the sensor. The pressure sensors were sampled at a rate of 1 MHz, therefore each PSD contained 100,000 data points. The mean
pressure for both noisy and quiet flow conditions was taken from the DC signal from
the sensor. To calculate the PSD for the pressure fluctuations, the mean pressure was
subtracted from the fluctuations, leaving the fluctuations from the mean. Finally, the
fluctuations were normalized by the mean pressure.
The power spectra of the normalized fluctuations were calculated using the PWELCH
function in MATLAB. The power spectra are computed by averaging Fast-Fourier
Transformations computed using a Hamming window with 50% overlap. The window
size was determined by the frequency resolution which was held constant at 2,000 Hz
for all power spectra. The window size was determined by dividing the sampling rate
by the frequency resolution. The resulting power spectrum is the square of the pressure fluctuations, normalized by the mean pressure, per Hertz. The PSD was then
integrated over the frequency bandwidth of interest. These frequency bandwidths
were chosen based on the work of Steen [15]. The square root of this integration was
then taken to give the RMS value. Finally, the RMS value was multiplied by 100 to
yield a percent noise level. Figure 2.9 shows a typical PSD plot generated for bleeds
open and bleeds closed flow. Note that the resonant frequency for this particular
Kulite is approximately 324 kHz and can be seen in both the noisy and quiet flow
PSDs.

2.3.5

Sources of Error and Propagation

Since nearly all calculations rely on measurements made by the Kulite pressure
transducers mounted in pitot probes or in the contraction section of the nozzle, the
calibration of the Kulites is critical for accurate and repeatable results. As stated
in Section 2.2.3 all of the Kulites used in experiments were calibrated using an in-
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Figure 2.9. Sample PSD plot for both noisy and quiet flows. Probe
located at z = 75.9 in. on centerline. P0 = 88.6 psia for bleeds open,
P0 = 89.8 psia for bleeds closed. Peak near 324 kHz due to sensor
resonance.

situ process where a pressure was applied and the corresponding voltage output was
recorded. A linear regression was performed on the data and a calibration curve
was generated for each Kulite. In addition to generating a trendline, the standard
error of the estimate and the regression coefficient was calculated for each data set.
Figure 2.10 shows two calibration curves for Kulites generated during the first tunnel
entry. The curve generated for the long probe (green) shows typical results, with
the standard error for the estimate and the regression coefficient typically from 0.010.03 psia. The curve generated for the short probe (blue) shows the worst case
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result during experiments. While the coefficient of determination is very close to one
(R2 = 0.9951) the linear regression results in a standard error of the estimate of 0.25
psia. During Entry 1 the lowest initial stagnation pressure used was p0i = 90 psia,
which corresponds to a minimum measured pitot stagnation pressure of approximately
1.3 psia during quiet flow conditions. This yields a maximum of 19.3% error for the
mean pitot stagnation pressure.
Kulite Calibration
12
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Figure 2.10. Sample Kulite calibration curve generate for two differnet
Kulites during Entry 1.

The calibration of the contraction Kulite was performed at the same time as the
calibration of the pitot probe Kulite. Therefore, the applied pressures only ranged
from 3-14 psia. Since the tunnel was typically operated with a freestream stagnation
pressure between 90 psia and 170 psia the calibration range was far below the region
where measurements were typically made. Additionally, since the contraction Kulite
is designed for a pressure range of 0-500 psia the contraction Kulite was calibrated
over a small region of the pressure range. The relationship was found to be highly
linear over this small region, with a standard error of estimate ranging from 0.01-0.09
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psia. Additionally, since the freestream stagnation pressure is critical to experiments
performed in the BAM6QT, researchers typically calibrate this Kulite during every
entry in the tunnel. In order to verify that the contraction Kulite calibration the
linear regression curve generated using the small range of pressures was compared
to other curves generated by other researchers who used a larger range of pressures.
Typically the values for the estimated contraction pressure differed by approximately
±1%. Future experiments should include calibration over a much larger range of
pressures.
Since the Mach number is calculated using the measured mean pitot stagnation
pressure and mean freestream stagnation pressure the error in the pressure measurements will propagate through the Mach number calculation. To arrive at an estimate
for the maximum percent error in Mach number calculations the worst case standard
error of the estimates for both the mean pitot and freestream stagnation pressure are
used. For the mean pitot stagnation pressure the worst case is a standard error of
0.25 psia on a measurement of approximately 1.3 psia. This yields a worst case of
p02h = 1.55 psia and p02l = 1.05 psia where p01h is the highest estimate of the mean
pitot stagnation pressure and p02l is the lowest estimate of the mean pitot stagnation
pressure. Similarly, for the mean freestream stanation pressure the worst case standard error is 0.09 psia on a measurement of approximately 68.6 psia, which yields a
worst case of p01h = 68.7 psia and p01l = 68.5 psia. These estimates are used in Equation 2.8 to calculate highest and lowest Mach number estimates. The Mach number
is calculated to be M = 6.67 with a high estimate of Mh = 7.00 and a low estimate
of M = 6.40. This yield a maximum of 5.0% error for the calculated Mach number.
Note that this error estimate does not include error from numerically solving Equation 2.8, which is negligible when compared to error in pressure measurements. Also
it should be noted that this is the absolute worst case for the calculated Mach number
the typical error for calculated Mach numbers is significantly lower than 5.0%.
Similarly, the error in the mean stagnation pressures will also propagate through
Reynolds numbers calculations. Using the high and low estimates for the Mach
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number calculated above along with the high and low estimates of the freestream
stagnation pressure a worst case for the estimate of the Reynolds number was determined. For the conditions above the Reynolds number was calculated to be Re =
5.70×106 /m with a high estimate of Reh = 6.08×106 /m and a low estimate Rel =
5.31×106 /m. This yields a maximum of 7.0% error for the calculated Reynolds number. Once again, it should be noted that this is the absolute worst case and that
typically there is much smaller error in the calculated Reynolds numbers.
For noise calculations both the mean and fluctuations of the pitot stagnation
pressure are used. Since the pressure fluctuations are calculated by AC coupling
the output from the sensor the standard error of the regression coefficient is used to
determine the high and low estimates of the pitot pressure fluctuations. Using the high
and lowest estimates for the mean and fluctuations of the pitot stagnation pressure
PSDs were generated using the procedure discussed in Section 2.3.4 to generate high
and low estimates of the noise level. Figure 2.11 shows the three generated PSDs
using the calculated mean and fluctuations of the pitot stagnation pressure as well
as the PSDs generated by the high and low estimates for the mean and fluctuations
of the pitot stagnation pressure calculated above. The noise level calculated for the
mean PSD is 0.017%, while the noise level calculated using the high and low estimates
of the PSD are 0.026% and 0.016% respectively. This yields a percent error of 52.9%.
Because of the large amount of uncertainty associated with the measurements
made using the high variability sensors, measurements taken with these sensors were
thrown out. In the future a new calibration protocol should be adopted with more
points within the measurement range to ensure that the error associated with the
linear regression is not significant. It should be noted that the uncertainty calculated
above and shown throughout this thesis only accounts for the uncertainty derived
from the linear regression performed on the calibration data.
In addition to the error from using a linear regression to find a calibration curve,
there were other possible sources of error for the Kulite measurements. Previous
researchers in the BAM6QT have noted that Kulites that large temperature changes
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Figure 2.11. Plot for the low and high estimates of the PSD for the
worst case scenario discussed above. Probe located at z = 84.9 in. on
centerline. P0 = 89.2 psia with bleeds open. PSD taken at t = 1.0s
after scope trigger.

of the Kulite diaphragm can affect the readings [30]. This more strongly effects lower
pressures with the effect decreasing as pressure increases. This is typically not an
issue for Kulites installed in the nozzle wall due to the relatively large thermal inertia
of the nozzle. However, for Kulites installed in pitot probes, the thermal inertia is
much lower and therefore the temperature could affect measurements. Calibrations of
the Kulites used in these experiments did not account for the effects that temperature.
For the range of pressures used in experiments, not accounting for temperature effects
results in approximately 1% in measured Mach number [30]. Also, when calibrating
it was assumed that the pressure measured by the Paroscientific portable standard
was the “true” pressure. However, that is not necessarily the case and while the
Paroscientif. Finally other errors sources of error such as the error that occurs from
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the digitization process, there could have been some effects from condensation present
upstream of the pitot probes, etc.
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3. TUNNEL CHARACTERIZATION
In an effort to support fabrication of a new nozzle throat the current BAM6QT nozzle
throat was opened in May 2010. Previously when the BAM6QT nozzle throat had
been opened the quiet flow performance of the nozzle had dramatically decreased
for an indeterminate number of runs until the performance of the nozzle gradually
returned. It is presumed that the dust that collects on the nozzle while it is exposed
causes the quiet flow performance to drop. After a sufficient amount of high pressure
”dust-blowing” runs the performance of the nozzle is presumably restored. After
opening the nozzle throat in May 2010 the performance of the BAM6QT dramatically
decreased with the maximum intermittently-quiet pressure only reaching 92 psia [31].
However, the quiet flow performance of the nozzle did not return. In an effort to regain
the previous performance of the facility the BAM6QT nozzle was re-polished in July
2010. After Steen performed a sufficient amount of ”dust-blowing” runs, experiments
found that after re-polishing quiet flow was achievable up to 162 psia [15] [32]. In
recent years researchers at the BAM6QT have found that the quiet flow performance
of the nozzle has followed the usual pattern with the maximum quiet flow pressure
gradually reaching about 165-170 psia.
While some measurements of the maximum quiet pressure have been made since
re-polishing the nozzle, an in-depth tunnel characterization has not been performed.
This section aims to provide measurements of the current nozzle performance and
compare results to those found by Steen before the tunnel was re-polished. Also,
measurements were made to determine the maximum achievable Reynolds number
under quiet flow conditions. Finally, this section aims to provide characterization of
the tunnel at high frequencies using a PCB sensor.
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3.1

Comparisons to Previous Tunnel Characterization

3.1.1

Dependence on Stagnation Pressure

In order to determine if the nozzle performance with regards to freestream stagnation pressure had changed after the nozzle was re-polished, measurements were taken
along the centerline at two axial locations z = 84.9 in. and z = 93.6 in. downstream
from the throat at various stagnation initial stagnation pressures. These measurements were made using a pitot probe equipped with a Kulite XCQ-062-15A pressure
transducer. The vertical position of the probe was determined using a high-precision
ruler with markings every 1/32th of an inch. The nozzle was opened at Section 8 and
the ruler was carefully placed into the nozzle next to the pitot probe. The vertical
location of the pitot probe was then adjusted until the probe was vertically centered
in the tunnel. This location was then set as the home for the traverse and if necessary
adjustments were made relative to this vertical location. The axial location of the
probe was determined using an Excel spreadsheet, written by Thomas Juliano, which
converts the ruler reading on the traverse system to axial location in the tunnel. At
each location runs were performed with an initial stagnation pressure of p0i = 115
and p0i = 140 psia for both bleeds open and closed configurations. During a run an
expansion wave continues to reflect back and forth in the driver tube, which causes a
quasi-static drop in the stagnation pressure during a run. Thus, over the course of a
run measurements can be taken over a range of freestream stagnation pressures.
Figure 3.1(a) plots the noise levels versus the freestream stagnation pressure at
z = 84.9 in for two runs with different initial stagnation pressures. The data were
acquired between t = 0.5 and t = 4.1 s after tunnel start-up. The noise level measured
decrease as the freestream stagnation pressure increases. This matches results from
Pate and Schueler, which showed that for hypersonic wind tunnels noise levels increase
as Reynolds number, and thus freestream stagnation pressure, decreases [7]. This
suggests that as the nozzle wall boundary layer thickness decreases the acoustic noise
radiated into the tunnel also decreases for a conventional nozzle. Figure 3.1(b) plots
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the Mach number versus the freestream stagnation pressure at z = 84.9 in. The Mach
numbers calculated for Run 608 included error bars which were calculated using the
method detailed in 2.3.5. While error bars are only shown for one run it should be
noted that the error bars are typical for all runs shown in this section. The Mach
number is seen to be fairly consistent over the duration of each run. It appears that
as the initial stagnation pressure increases the Mach number increases. This behavior
is expected since the higher Reynolds numbers result in thinner nozzle-wall boundary
layers, thus increasing the effective nozzle-exit area ratio leading to an increases in
Mach number for a converging-diverging nozzle. Also note that for each run the
Mach number increases slightly as the stagnation pressure decreases until the Mach
number reaches a constant number. These results matches those found by Steen as
shown on pages 51 and 57 of Reference [15], suggesting that the performance of the
BAM6QT nozzle with respect to freestream stagnation pressure remains unchanged
after the nozzle re-polishing. This is expected since polishing the nozzle should have
a negligible effect when the boundary layers present on the nozzle wall are turbulent.
Figure 3.2 shows measurements made under the same conditions as Figure 3.1
with the bleed values open for an additional run. The run with an initial stagnation
pressure of p0i = 170 psia was taken at an axial distance of z = 93.6 in. downstream
of the throat using a different probe and Kulite pressure transducer. For quiet flow,
the noise level measurements no longer decrease as the freestream stagnation pressure
increases. The noise levels measured remain consistently around 0.02% for the entire
range of stagnation pressures with the noise levels slightly decreasing as the freestream
stagnation pressure increases. This is most likely caused by the “two-second noise
increase” which was investigated by Steen in detail beginning on page 65 in Reference
[15]. Figure 3.3 further exemplifies the effect that time after tunnel start-up has on
the noise levels in the nozzle. Figure 3.3(a) shows the noise levels measured for the
same runs as Figure 3.2 versus the time since oscilloscope triggered. It can be seen
that somewhere between two to three seconds the noise levels measured for Runs 626
and 631 approximately doubles. The change in flow quality between two to three
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Figure 3.1. Noise levels and Mach number versus freestream stagnation pressure at z = 84.9 in. Bleeds closed with probe on tunnel
centerline.
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seconds can also be seen in Figure 3.3(b) which shows the output voltage from the
hot film versus time since the oscilloscope triggered for the same three runs shown in
Figures 3.2 and 3.3(a). A significant increase can be seen in the output voltage from
the hot film beginning somewhere between two to three seconds corresponding to the
measured noise increase.
Figures 3.2 and 3.3(a) also demonstrate the influence of the so called “turbulent
bursts” on the flow quality in the tunnel. Most of the noise levels measured are
below the threshold for quiet flow. However, during a turbulent burst the noise
level increases by nearly two orders of magnitude, ultimately leading to temporary
noisy flow. The turbulent bursts are a well documented occurrence in the BAM6QT,
especially at higher initial stagnation pressures. These turbulent burst are easily
identifiable as ‘spikes” in the hot film traces as seen in Figure 3.3(b), particularly
for Run 631. Since the turbulent bursts are easily identifiable BAM6QT researchers
are trained to carefully investigate the hot-film traces to avoid any flow anomalies
for the temporal region of interest to limit the effect these turbulent bursts have on
measurements made during quiet flow conditions.
To avoid the effects of the “two-second noise increase” researchers at the BAM6QT
typically only use data from t = 0.5 s to t = 2.0 s after the oscilloscope has triggered
when analyzing data from runs with bleeds open. Therefore, the performance of
the nozzle during this time interval is most critical to operation of the BAM6QT.
Figure 3.4 shows the measured noise levels and Mach number versus the freestream
stagnation pressure for the same runs shown in 3.2 for the time interval of t = 0.5
s to t = 2.0 s after the oscilloscope have triggered. Figure 3.4(a) shows that Run
626 exhibits elevated noise levels when compared to the other runs. After careful
investigation of the hot film, pitot probe, and contraction Kulite oscilloscope traces
there does not seem to be an obvious reason for the elevated noise levels. However,
since the noise levels measured remain below the threshold for noisy flow (typically
0.05%) the run is still considered quiet and thus still included even though it might
not be indicative of a typical run with that specific initial stagnation pressure. The
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Figure 3.2. Noise Level vs. freestream stagnation pressure. Bleeds
open with probe on tunnel centerline.
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noise levels measured remain relatively constant for the range of freestream stagnation
pressures for the temporal region of interest demonstrating that the BAM6QT nozzle
remains quiet with a noise level around 0.01% to 0.02% for the range of stagnation
pressure typically used in experiments.
Figure 3.4(b) plots the measured Mach number versus the freestream stagnation
pressure for quiet flow conditions from t = 0.5 s to t = 2.0 s. Unlike when the
bleeds were closed, the Mach number appears to approach the same value for each
of the initial stagnation pressures. This finding combined with the invariance of the
measured noise levels with respect to freestream stagnation pressure as shown in
Figure 3.4(a) implies that the boundary layer thickness remains relatively constant
as the initial stagnation pressure (and thus Reynolds number) increases for the bleeds
open condition. It is not known why the Mach number does not seem to increase as
the initial stagnation pressure increases.
Combining the measurements in Figures 3.1 and 3.4 suggest that the BAM6QT
has returned to the performance measured before the nozzle was re-polished with
increased quiet flow performance which is investigated in further detail in Section
3.1.2.

3.1.2

Limits of Quiet Flow

One of the most critical performance aspects of the BAM6QT is the limit of quiet
flow with respect to freestream stagnation pressure. Previous work performed by
Steen and other researchers only investigated the quiet flow characteristics of the
BAM6QT up to an initial stagnation pressure of p0i = 140 psia, which corresponds to
a quiet flow Reynolds number of approximately Re = 10×106 /m. However, after the
nozzle was re-polished in July 2010 Steen noted that the maximum quiet pressure had
increased up to 162 psia [32]. In the years since the nozzle was re-polished it has been
noted that steady quiet flow has become achievable for initial stagnation pressures of
up to p0i = 170 psia. Therefore, it was determined that one of the major objectives
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Figure 3.4. Noise levels and Mach number versus freestream stagnation pressure at z = 84.9 in. Bleeds closed with probe on tunnel
centerline. t = 0.5s to t = 2.0s after oscilloscope trigger.
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Figure 3.5. Oscilloscope trace of the hot film output for Run 635.
P0i = 189.9 psia, T0 = 427K.

for tunnel characterization was to determine the current limits of quiet flow in the
BAM6QT.
In order to investigate the dependence of tunnel characteristics on freestream
stagnation pressures experiments were performed for a range of initial stagnation
pressures at z = 75.9 in. downstream from the throat. Measurements were taken
for initial stagnation pressures of p0i = 175 psia to p0i = 200 psia at 5 psia intervals
with the exception of 195 psia. All measurements were taken with the pitot probe
equppied with a Kulite pressure transducer located along the centerline of the nozzle
with the bleed valves open.
Figure 3.5 shows the hot film trace for a run near the limits of quiet flow. This
hot film trace shows three distinct flow regimes during the course of the run. The
first regime, from t = 0 s to t ≈ 1.0 s, exhibits a trace typical of noisy flow. The
second regime, from t ≈ 1.0 s to t ≈ 2.0 s, qualitatively shows an increase in the
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pressure fluctuations present in the nozzle boundary layer beyond those found during
noisy flow operation. This flow regime is referred to as the intermittent flow region
where significant turbulence exists in the boundary layer. The third flow regime, from
t ≈ 2.0 s to t ≈ 5.0 s, qualitatively displays the lower pressure fluctuations present
during a typical quiet flow run with larger spikes occurring due to turbulent bursts
in the boundary layer. Finally after t ≈ 5.0 s the tunnel unstarts and data are no
longer usable.
The presence of three separate flow regimes creates an issue with the selection of
the Kulite output. Typically for noisy flow the DC output is used to measure the
pressure fluctuations whereas the AC signal is used for quiet flow. For the runs where
multiple flow regimes exist, the DC trace is used to measure the pressure fluctuations
for the entire duration of the run. This reduces the resolution and accuracy of the
pressure fluctuations measured when noise levels are low, however, this is necessary to
avoid the issue of exceed the voltage capabilities of the amplifier in the Kulite signal
processing box.
For each run, PSDs were generated from t = 0.5 s to t = 2.0 s in increments of 0.1
s. Additionally, the noise level, Mach number, and Reynolds number were calculated
for each of these 0.1 s intervals. Since the freestream stagnation pressure decreases
during the course of each run, calculating these properties every 0.1 s allows flow
characterization for a range of freestream stagnation pressures. Figure 3.6 shows the
calculated noise level versus the freestream stagnation pressure for six runs of varying
initial stagnation pressures at z = 75.9 in. For freestream stagnation pressures up to
153 psia quiet conditions exist with noise levels around 0.01%. As initial stagnation
pressure, and thus Reynolds number increases, the flow conditions become increasingly intermittent. This can be seen for freestream stagnation pressures from 153 to
171 psia where noise levels vary greatly with values ranging from 0.01% up to 6.5%,
a noise level which is much higher than those typically found during conventional operation with bleeds closed. It should be noted that quiet flow conditions with a noise
level of 0.01% are observed at a freestream stagnation pressure of p0 = 171 psia, which
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Figure 3.6. Noise level vs. Reynolds number for various initial stagnation pressures at z = 75.9 in. Measurements made on nozzle centerline.

corresponds to a Reynolds number of Re = 13.0×106 /m. To the author’s knowledge,
this is the highest freestream stagnation pressure quiet flow ever observed in the
BAM6QT and is a significant improvement over the maximum freestream stagnation
pressure recorded by Steen before the nozzle was re-polished. For freestream stagnation pressures > 170 psia the flow appears to be completely noisy with a consistent
noise level of approximately 2.0%.
In summary, the limits of quiet flow in the BAM6QT have greatly increased since
the nozzle was re-polished. Preliminary measurements made by Steen after the nozzle
was re-polished found that quiet flow conditions existed for initial stagnation pressures
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up to p0i = 162 psia [15]. Current experiments find regions of quiet flow conditions
existing at the upstream location for initial stagnation pressures up to p0i = 185 psia
and up to p0i = 170 psia at the downstream location. This is a significant increase,
allowing for boundary-layer transition research that requires the quiet flow conditions of the BAM6QT to be conducted at higher Reynolds numbers than previously
thought, provided that the researchers are mindful of the limitations of the facility at
higher Reynolds numbers (intermittent flow, turbulent bursts, etc.).

3.1.3

Radial Uniformity

Many of the measurements made by Steen in 2010 focused on the radial uniformity
of the flow within the BAM6QT. In an effort to investigate if the radial uniformity
of the flow had changed after the nozzle was re-polished, similar measurements were
made. At one axial location, z = 75.9 in., two pitot probes with different support
lengths were used to take radial measurements for three initial stagnation pressures,
p0i = 90, p0i = 140, and p0i = 170 psia for bleeds open and bleeds closed conditions.
Measurements were taken at the upstream location in an effort to avoid the influence
of the machined slot in the top of the nozzle.
To measure the radial uniformity, the pitot probes were traversed vertically in
the tunnel using the tunnel traverse system. The traversing programs used are summarized in Table 3.1. The position 0.0 refers to the tunnel vertical centerline with
negative values corresponding to the lower half on the nozzle and positive values corresponding to the upper half of the nozzle. The probe was located on the centerline
of the nozzle using a high-precision ruler with markings every 1/32th of an inch. The
ruler was temporarily placed within the nozzle next to the probe while the vertical
position of the probe was adjusted until the probe was along the centerline of the
tunnel. The lower probe refers to the traverse probe with the longer brass support,
used to measure the lower half of the tunnel and the upper probe refers to the traverse
probe with a shorter brass support, used to measure the upper half of the tunnel.
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Each program started at t = 0.5 s after the start of the run to avoid tunnel start-up
effects, and after each step the pitot probe dwelled for 0.1 seconds to collect data at
each position. Data were collected from t = 0.5s to t = 2.63 s after the start of the
run. During this time interval the freestream stagnation pressure drops in the tunnel
approximately 15 to 25 psia, depending on the initial stagnation pressure. It was
intended to account for the freestream stagnation pressure drop by traversing both
nozzle halves in both direction. However, due to time limitations, measurements were
typically only made traversing each half of the nozzle in one direction. Therefore, the
drop in freestream stagnation pressure is implicit in most of the data presented with
the lower freestream pressures typically occurring as the probe approaches the nozzle
wall.
Table 3.1. Traversing programs.
Name

Initial Position (in)

Final Position (in)

Step Distance (in)

Lower Probe Downwards

0.0

-4.25

-0.25

Lower Probe Upwards

-4.25

0.0

0.25

Upper Probe Upwards

0.0

4.0

0.25

Figure 3.7 shows the voltage output from the hot film versus the time since the
oscilloscopes triggered for Run 214. For Run 214 the lower pitot probe was started at
a vertical position of -4.25 in. and traversed upward with the bleeds open. It can be
seen that for t = 0 to t = 1.4 s the hot film trace does not appear to be a typical hot
film trace. This behavior was noticed in all of the hot film traces recorded from runs
with the lower probe started at -4.25 in. and traversed upwards. The reason for this
hot film behavior is not known. It is speculated that this behavior could be caused by
the bow shock caused by the pitot probe impinging on the hot film, however, this has
not been verified. Therefore, since the hot film traces did not seem to be indicative
of a typically run the runs where the lower probe was started near the lower nozzle
wall and traversed upwards are not presented in this thesis.
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Figure 3.7. Voltage output vs. time after oscilloscope trigger for Run 214.

In addition to the abnormal hot film traces shown above, there also appeared to
be abnormal Kulite behavior when using the lower pitot probe. Figure 3.8 shows the
pitot pressure measured during Runs 205 and 223. Both runs were made with an
initial stagnation pressure of p0i = 90 psia with the bleeds open. For Run 205 the
lower probe was traversed downwards and for Run 223 the upper probe was traversed
upwards. The probes were equipped with different Kulites. It can be seen that at the
beginning of the measurement range the pressure measured by the sensors disagrees by
approximately 0.3 psia, or around 12%. It is expected that the sensor should measure
nearly identical pressures since at the beginning of the measurement range the sensors
are near the same physical location in the nozzle. It can be seen that as time increases
the disagreement between the two sensors becomes smaller with the sensors measuring
roughly the same pressure as t ≈ 2.5 s. The disagreement results in lower measured
Mach numbers at the beginning of the run with the Mach number approaching the
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expected value as time increases for runs made with the lower probe. Because of this
strange Kulite behavior, the measured Mach number is not presented for runs made
with the lower probe. The reason for the disagreement between these two sensors
is not known. While the probes used two different sensors, the calibration for the
two sensors only disagrees by approximately 3% for the pressures in the measurement
range shown in Figure 3.8. The lower probe was observed to vibrate during the start
of runs. Unfortunately, it was not known at the time that vibrations of the probe
could cause an issue with measurements since there was not any mention of vibrations
in previous measurements made using Kulites in pitot probes. Therefore, vibrations
were not accounted for. In the future, measurements made with Kulites in a pitot
probe, especially with the longer brass support section, should account for vibrations
with a simple tap test.

Noisy Flow
Figure 3.9 plots the radial location in the tunnel versus the mean Mach number
at z = 75.9 in. for the bleeds closed condition for two different initial stagnation
pressures. Additionally, when available, measurements made by Steen in 2010 are
also presented. Unfortunately, due to the difficulties in measuring the mean pitot
pressure for the lower half of the nozzle the measured Mach number is only presented
for the upper half of the nozzle. At the lowest initial stagnation pressure the Mach
number remains consistent around 5.75 for the upper half of the nozzle, with all
of the measured Mach numbers within the uncertainty in the measurements due to
the Kulite calibration. Only one measurement was made with the probe traversing
in the upward direction, therefore not much is known about the repeatability of the
measurements. For p0i = 140 psia the same trends are observed, however, as expected
the Mach number measured is slightly higher across the diameter of the nozzle.
Figure 3.10 plots the radial location in the tunnel versus the noise levels at z = 75.9
in for the same runs shown in Figure 3.9 with the addition of measurements made
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Figure 3.8. Pitot pressure vs. time after oscilloscope trigger for Runs
205 and 223. Both runs with p0i = 90 psia with the bleeds open.

on the lower half of the nozzle. Figure 3.10(a) shows that for the central region of
the tunnel, approximately 3.0 inches above and below the centerline, the noise levels
measured appear to have slightly increased since 2010. The error associated with the
measurements shown in Figure 3.10(a) are around ± 0.05 therefore it is unlikely that
the difference in measured noise level derives from error in calibrating the sensors.
Only one run was performed with the probe traveling each direction in the tunnel
therefore not much is know about the repeatability of the measurements show in
Figure 3.10(a). The noise levels also appear to have significantly decreased outside of
the central region of the tunnel. Steen measured dramatic increases (approximately
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Figure 3.9. Radial location versus Mach number for two initial stagnation pressures. Bleeds closed with the probe located at z = 75.9
in.
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4-5 times) of the noise level near the nozzle walls, whereas the measurements made
recently show a consistent noise level across the entire diameter of the nozzle. It
is expected to see an increase in the noise level as the probe approaches and enters
the boundary layer. The reason for this discrepancy is unknown. However, it seems
unlikely that this would be a consequence of the nozzle polishing since polishing the
nozzle should have minimal effect when the tunnel is run with turbulent boundary
layers.
Figures 3.10(b), 3.10(c) and 3.10(d) show the noise levels measured for higher
initial stagnation pressures with the same scale. Table 3.2 shows the mean and
standard deviation of the noise levels and Mach number for the runs presented in
Figure 3.10. The mean and standard deviation were calculated by assuming that the
noise levels measured in the top or bottom half of the nozzle (for example, the filled
in green squares in 3.10(c)) as the complete population. For p0i = 90 psia both the
mean and standard deviation of the noise levels are higher than those for the higher
stagnation pressures. For p0i = 140 psia the noise level on the lower half of the tunnel
is higher than the noise in the upper half of the tunnel with the general trend showing
the noise level increases as the probe moves downwards from the centerline. While
these measurements appear to be significant based on the error in sensor calibration,
other sources of error could be present. Additionally, not much is not known about
the repeatability of the measurements made in Figure 3.10(c). Therefore, it is difficult
to determine if the results are significant or just the results of random scatter within
measurements.
For p0i = 170 psia the opposite behavior is exhibited, where the noise levels
decrease as the probe moves down towards the nozzle wall. The reason for this
discrepancy is currently unknown. For p0i = 140 psia the noise level on the upper
half increases as the probe moves upwards until reaching approximately 2.5 in. where
the noise level then begin to decrease as the probe moves upwards. For both p0i = 90
psia and p0i = 140 psia the mean noise levels measured in the upper and lower halves
of the nozzle fall within one standard deviation of each other, thus making it difficult
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to determine if the noted patterns are significant. Further measurements are required
to make definitive conclusions about the radial uniformity of the noise levels for the
bleeds closed condition.
Table 3.2. Mean and standard deviation of noise levels and Mach
number measured for bleeds closed conditions.
p0i = 90 psia

p0i = 140 psia

p0i = 170 psia

Location

Noise (%)

σn

Mach

σM

Noise (%)

σn

Mach

σM

Upper Half

2.30

0.08

5.74

0.01

1.99

0.06

5.76

0.01

Lower Half

2.23

0.07

-

-

2.05

0.05

-

-

Noise (%)

σn

1.92

0.05

Mach σM

-

-
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Figure 3.10. Radial location versus noise level for three initial stagnation pressures. Bleeds closed with the probe located at z = 75.9
in.
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Quiet Flow
Figure 3.11 shows the noise levels versus the radial location in the nozzle at z =
75.9 in. for three initial stagnation pressures with the bleeds open. Additionally, when
available, measurements made by Steen in 2010 are also presented. There seems to
be significantly more scatter in the measured noise levels in the bottom half of the
nozzle. There is significant scatter when the probe is traversed both from the center
of the nozzle towards the wall as well as from the nozzle wall to the center. The
reason for the increased scatter at the bottom half of the tunnel is not known. It is
unlikely that the noise level scatter is caused by the freestream stagnation pressure
drop that occurs over the duration of a run since the scatter is present when the probe
is traversed in both directions. These results suggest that there could be a significant
amount of variance in the noise level between runs. However, it should be noted that
with the exceptions of the turbulent bursts with noise levels around 0.1% all of the
measurements of noise remain below the threshold for quiet flow (0.05%).
Figure 3.12 shows the Mach number versus the radial location in the nozzle at
z = 75.9 in for the same runs shown in Figure 3.11. As expected, the measured
Mach number for all three stagnation pressures is consistently around 6.0. There
appears to be slight scatter in the measured Mach number, however, nearly all of the
measurements made are within the uncertainty derived from the Kulite calibrations.
These results seem to suggest that the Mach number for the upper half of the nozzle
is nearly uniform for a wide range of freestream stagnation pressures.

3.2

PCB Measurements
A pitot probe equipped with a PCB132A31 pressure transducer sensor was also

used to measure the noise levels present in the BAM6QT. Since the resonant frequency
of the PCBs is much higher than that of the Kulites, the PCBs can measure the noise
levels in the higher frequency range (270 - 330 kHz) where second-mode waves are
typically measured [24] [25]. To the author’s knowledge, measurements of the noise
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Figure 3.11. Radial location versus noise level for three initial stagnation pressures. Bleeds open with the probe located at z = 75.9
in.
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Figure 3.12. Mach number versus radial location for three initial
stagnation pressures. Bleeds open with the probe located at z = 75.9
in.
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levels at these higher frequencies in the BAM6QT have not been performed. Since
the second-mode waves are integral to the research performed at the facility it is vital
to quantify the performance of the nozzle for these frequencies. Note that since PCBs
can only measure the pressure fluctuations, the Mach number of the flow cannot be
calculated. Therefore for Reynolds number calculation purposes, it is assumed that
for quiet flow that M = 6.0 and for noisy flow M = 5.8, independent of the freestream
Reynolds number.
Figure 3.13 shows the normalized PSD generated as well as the pre-run electronic
noise for three runs with different initial stagnation pressures with the bleeds closed.
The PSDs are normalized by the post shock stagnation pressure, which is calculated
assuming a normal shock in front of the probe with a Mach number of 5.8. The power
of the pre-run electronic noise measured prior to Run 501 is approximately two orders
of magnitude higher than the other two runs. The reason for this is unknown. All
three runs were performed using the same apparatus and methodology. Run 501 was
performed on a different day than the other two runs, therefore, it is possible that
some external noise was present at the facility that day that was not present the day
that Runs 504 and 505 were performed. This elevated electronic noise does not affect
the PSD for Run 501 for frequencies up to 350 kHz, therefore the elevated electronic
noise is not a concern.
Figure 3.14 shows the normalized PSD generated as well as the pre-run electronic
noise for three runs with three different initial stagnation pressures with the bleeds
open. The PSD is normalized by the post-shock stagnation pressure p02 , which is
determined by assuming a normal shock in front on the probe and a Mach number
of 6.0. Multiple narrow bandwidth spikes, which are indicative of electronic noise
and not physical flow phenomena, can be seen in the PSD across the second-mode
bandwidth (270 - 330 kHz) when the tunnel is operated with the bleeds open. Because
these non-flow related spikes in the PSD are on the order of, or greater than, the
signal generated by the pressure fluctuations in the flow significant data cannot be
generated for quiet flow conditions. In addition to the multiple narrow spikes there
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Figure 3.13. PSDs generated with PCB sensor for three initial stagnation pressure with bleeds closed.

also appears to be slightly broader peaks present at approximately 70 and 140 kHz
which do not seem to be a result of the electronic noise. It is possible that the PCB
sensor is measuring the acoustic disturbance resonating between the bow shock and
the pitot probe face as described by Chaudhry [18]. These lower frequency peaks are
investigated in further detail in Chapter 4.
Figure 3.15 shows the noise levels of the pressure fluctuations, normalized by
the post normal shock stagnation pressure, as measured by a PCB and Kulite during
noisy flow conditions for various Reynold numbers corresponding to initial stagnation
pressures of p0i = 90, p0i = 140, and p0i = 170 psia. To generate the noise level the
PSDs were integrated over 0-50 KHz for the Kulite, 11-1000 kHz and 270-330 kHz
(second mode wave bandwidth) for the PCB. The noise levels measured over 111000 kHz bandwidth follow similar trends to the noise levels measured by the Kulite,
with the noise levels decreasing as the Reynolds number increases. The noise levels
measured by the PCB range from 1.57-2.28% while the noise measured by the Kulite
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Figure 3.14. PSDs generated with PCB sensor for three initial stagnation pressure with bleeds open.
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Figure 3.15. Noise level vs. Reynolds number measured at z = 93.6
in. by PCB and Kulite in pitot probe.

probe at the same location in the nozzle ranges from 2.03-2.63%, suggesting that the
noise levels in the nozzle are dominated by the lower frequencies. The noise levels
measured over the second mode wave bandwidth remains consistently around 0.08%
over the range of Reynolds numbers measured.
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4. EFFECTS OF PROBE GEOMETRY
Data presented in this section was obtained using a pitot probe equipped with a Kulite
XCQ-062 pressure transducer and three pitot cover sleeves as described in detail
in Section 2.2.2. The goal of using the pitot sleeves was to investigate the effects
of changing the flow-facing diameter of the pitot probe on the measured pressure
fluctuations. The probe geometries and corresponding shock standoff distances used
in experiments are listed in Table 4.1. See Appendix D for detailed drawings of
each pitot sleeve. The shock standoff distances were determined using experimental
data for shock wave detachment distance from a body of revolution with a flat nose,
presented on page 105 in Liepmann and Roshko [33]. Each geometry was run with
three different initial stagnation pressures: p0i = 40 psia, p0i = 115 psia, and p0i = 150
psia under noisy and quiet flow conditions.
Table 4.1. Pitot sleeve probe geometries.
Name

Sensor Diameter (in)

Total Diameter, D (in)

Shock Standoff Distance, δ (in)

No Sleeve

0.066

0.066

0.019

Small Sleeve

0.066

0.118

0.033

Medium Sleeve

0.066

0.236

0.066

Large Sleeve

0.066

0.284

0.080

This was inspired by the recent investigation of the recovery of freestream noise
spectrum for a pitot probe in hypersonic flow via DNS performed by Chaudhry and
Candler. The simulation consisted of an axisymmetric model using plane acoustic
waves of different frequencies. The simulation imposed 200 frequencies with the amplitude of each frequency chosen to be constant. A freestream PSD of 1×10− 6, which
corresponds to a freestream level of 1.4% was used. They found that the ratio of the
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measured to the freestream PSDs (the transfer function) is strongly related to the
probe geometry and that there is a primary resonance related to the shock standoff
distance [18]. Moreover, they show that there is a primary resonant frequency for
all pitot probe geometries depending on the stagnation point speed of sound and the
shock standoff distance as follows:
c0
fs =
=
2δ

√

γRT0
2δ

(4.1)

Destructive interference occurs at integer multiples of this shock standoff frequency
and peak constructive interference occurs at a value of 0.415fs [18]. Using the shock
standoff distance calculated for each of the pitot sleeves and the typical stagnation
pressure of the BAM6QT, the standoff frequency and the expected primary destructive and resonance frequencies for each of the sleeves are calculated and shown in
Table 4.2.
Table 4.2. Standoff and primary destructive and constructive frequencies calculated using Equation 4.1 for the pitot sleeves used in
experiments.
No Sleeve

Small Sleeve Medium Sleeve Large Sleeve

Standoff frequency fs (kHz)

431

246

124

102

Primary destructive frequency fsd (kHz)

431

246

124

102

Primary resonance frequency fsr (kHz)

179

102

51

42

4.1

Noisy Flow
Figure 4.1 shows the PSDs of the post-shock stagnation pressure p02 , generated

with each sleeve, as well as the no sleeve condition. All of the runs were performed
with an initial stagnation pressure p0i = 150 psia with the bleeds closed. The probe
was placed on the tunnel centerline at an axial location of z = 84.9 in. downstream
of the throat. All PSDs were generated from a 0.1 s segment beginning at t = 1.0 s
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after the oscilloscope triggered. The resonant frequency for this particular Kulite is
242 kHz, thus the estimated flat response bandwidth is approximately 0-49 kHz (20%
of the resonant frequency [26]). Of particular interest are the elevated power levels
shown in the PSDs which appear over the frequency bandwidth of approximately
30-45 kHz for the sleeved conditions. The elevated power levels are not present for
the no sleeve condition.
The large sleeve condition behaves as expected with the peak appearing in the
PSD around the calculated resonance frequency. Additionally, the no sleeve condition
also behaves as expected, since the resonance frequency is calculated to be at a much
higher frequency. Therefore, it is not expected to see a peak in the PSD at lower
frequencies for the no sleeve condition. Of particular interest however is the behavior
of the small and medium sleeve conditions. The resonance frequencies for these two
conditions are expected to be at higher frequencies. However, a peak appears in the
PSDs for both the small and medium around the same frequency as the largest sleeve
condition. It is not known why the small and medium sleeves appear to behave in
the same manner as the large sleeve condition.
Additionally, Figure 4.1 shows that the minima in the PSDs near 125 kHz appears
to be a function of the shock standoff distance with the power appearing to be the
highest for the no sleeve condition and decreasing for the larger sleeves. The frequency
associated with the minima appears to slightly shift with shock standoff distance,
decreasing from approximately 132 kHz for the no sleeve condition to approximately
126 kHz for the largest sleeve. It is expected that the minima frequency would
shift towards lower frequencies since the minima frequencies in the transfer function
decreases as the the flow facing diameter increases. However, the shift seen in the
minima in Figure 4.1 is much less than predicted from the DNS calculations.
Figure 4.2 shows the noise level and calculated Mach number versus pre-shock
stagnation pressure for the bleeds closed condition. All noise levels and Mach numbers
are calculated from a 0.1 s segment beginning at t = 1.0 s after the oscilloscopes
triggered for three different stagnation pressures. The error bars are derived from
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Figure 4.1. PSD generated with three different sized pitot sleeves.
p0i = 150 psia with the bleeds closed. Probe on centerline at an axial
location of z = 84.9 in.
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the standard error of the estimate and regression coefficient as shown in Section
2.3.5. Figure 4.2(a) shows that the noise level decreases as the stagnation pressure
(and thus Reynolds number) increases. This trend is expected based on result for
conventional wind tunnels as well as matching the results of Steen. It appears that
the pitot sleeves affect the noise levels measured, with the no sleeve configuration
measuring lower noise levels than any other configuration. For the runs with initial
stagnation pressure of p0i = 40 psia the noise level measured without a pitot sleeve
is 1.3% lower than the lowest noise level measured with a pitot sleeve. However, for
runs with an initial stagnation pressure of p0i = 150 psia the noise level measured
without a sleeve is 16.1% less than the lowest noise level measured with a pitot
sleeve. For the lower stagnation pressures the difference in noise level is within the
estimated error. For the runs where p0i = 150 psia the lower noise level is outside
of the estimated error. Unfortunately, only one run was performed for each sleeve
at this stagnation pressure, thus further measurements are required to determine if
this difference in noise levels is repeatable. Clearly, the effects on the noise level
appear to be somewhat dependent on the bow shock and Reynolds number, with the
decrease in noise level becoming greater for the no sleeve condition as the Reynolds
number increases. Figure 4.2(b) shows that the use of the pitot sleeves consistently
lowers the measured Mach number by approximately 1% across the range of initial
stagnation pressures. The Mach number measured for all of the sleeved conditions
are very similar, suggesting that the measured Mach number is independent of the
shock standoff distance and changes only if a sleeve is installed.

4.2

Quiet Flow
Figure 4.3(a) shows the PSDs of the post-shock stagnation pressure p02 , for the

same initial conditions and probe locations as the runs shown in Figure 4.1 with
the bleeds open. The same Kulite was used, thus the resonant frequency and the
estimated flat response bandwidth are the same. For the no sleeve and medium sleeve
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(a) Noise levels, bleeds closed.
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Figure 4.2. Noise levels and Mach numbers measured in the tunnel
with three different pitot sleeves for bleeds closed condition. Measurements were made along the centerline at an axial location of z =
84.9 in
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conditions there appears to be a significant ratio of noise to signal, thus making it
difficult to draw conclusions. Figure 4.3(b) shows the results from the small sleeve
and large sleeve conditions where the signal to noise ratio appears to be much better.
Additionally Figure 4.3(b) includes the pre run electronic noise measured during a
period of no flow. Currently DNS calculations have not been performed for quiet
freestream environments, but the computed transfer function should be independent
of the freestream disturbance level. Therefore, the results should be similar between
the noisy and quiet flow conditions [34]. It should be noted that the DNS calculations
assumed that plane acoustic waves were incident upon the bow shock. However, this
is rarely the case for acoustic waves in a hypersonic wind tunnel facility. There
appears to be elevated power levels shown in the PSDs over the frequency bandwidth
of approximately 30-45 kHz. A peak in the PSD is expected around this frequency
for the large sleeve condition. However, it is not expected to see a peak in the PSD
for the small sleeve. The reason for the discrepancy between the measured PSDs and
the calculated frequency peaks is not known.
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(a) PSDs generated with three sleeves, as well as the no sleeve condition.
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Figure 4.3. PSD generated with three different sized pitot sleeves.
p0i = 150 psia with the bleeds open. Probe on centerline at an axial
location of z = 84.9 in.
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The computational group at the University of Minnesota, whose work inspired the
experiments presented, has agreed to perform calculations for the pitot sleeve geometries and run conditions present the BAM6QT. Figure 4.4 plots the PSD generated
for the large sleeve condition shown in Figure 4.1 and 4.3(a) as well as the calculated
transfer function for the large sleeve geometry calculated using similar methods to
those detailed in Reference [18]. There appears to be a possible agreement between
the peaks in the experimental PSDs and the calculated transfer function peaks with
the peaks in the transfer function and the peaks in the PSD differing by approximately ± 10 kHz. The slight disagreement in observed PSD peak frequency could
be a result of the freestream PSD varying over a greater range of frequencies when
compared to the relatively narrow range of frequencies where the transfer function
varies [34].
Figure 4.5 examines the effect that the pitot sleeves have on the noise levels and
Mach number measurements during quiet flow conditions. All noise levels, Mach numbers, and errorbars are calculated using the same methods as described previously.
Figure 4.5(a) shows the noise level versus the pre-shock stagnation pressure for the
bleeds open condition. The sleeves have a negligible effect on the noise level measurements. The noise level slightly increases as the stagnation pressure increases. While
the estimated error based only on the Kulite calibration is only around ±0.001%,
only one run was performed with each sleeve so not much is known about the repeatability of the measurements. Figure 4.5(b) plots the Mach number vs. pre-shock
stagnation pressure, also for the bleeds open condition. It can be seen that using
the pitot sleeves consistently lowers the measured Mach number by approximately
1% across the range of stagnation pressures. Since only one run was performed at
each initial stagnation pressure for each sleeve the repeatability of the measurements
is not known. More measurements are required to determine both the accuracy and
precision of the calculated Mach numbers and noise levels.
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4.3

PCB Measurements
In addition to measurements made using the pitot sleeves, measurements have also

recently been made in the BAM6QT with PCB132A31 pressure transducers using
two different pitot probes. The first probe used was based on the typically BAM6QT
probe geometry with a flow-facing diameter of 0.14 in. Measurements using the first
probe were taken by the author in April 2016. The second probe was based on the
geometry used in AEDC Tunnel 9, which has a flow facing diameter of 0.633 in (see
Appendix D for detail drawing). Measurements using the second probe were taken by
Gray in July 2016 in the BAM6QT. Figure 4.6 shows both probes used in experiments
and Table 4.3 summarizes the relevant geometry and calculated standoff frequency.
The shock standoff distances were determined using the experimental data presented
in Liepmann and Roshko and the standoff frequencies were calculated using Equation
4.1.
Table 4.3. PCB probe geometries.
Name

Sensor Diameter (in)

Total Diameter, D (in)

Shock Standoff Distance, δ (in) Standoff frequency fs (kHz)

Sweeney

0.125

0.14

0.039

208

T9

0.125

0.633

0.177

46

Figure 4.7 shows the PSDs of the non-normalized pitot pressure fluctuations generated using both probes at p0i = 90 psia and p0i ≈ 150 psia for the bleeds closed
condition. Sweeney refers to the data taken by the author using the smaller 0.14
in. diameter probe. T9 refers to the data taken by Gray using the larger 0.633 in.
probe. It should be noted that the T9 geometry was used in the BAM6QT and not
at the AEDC Tunnel 9 facility. The Sweeney probe was located at an axial location
of z = 93.2 in. and measurements made using the T9 probe were taken at an axial
location of z = 86.5 in. downstream from the throat. While all measurements were
taken with PCB132A31 pressure transducers, they were not made with the exact
same sensor. All measurements were made along the centerline of the nozzle. Note
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that the Sweeney data shown in Figure 4.7(b) are taken from a run with an initial
stagnation pressure of p0i = 140 psia, while the T9 data is taken from a run with an
initial stagnation pressure of p0i = 150 psia.
The PSDs generated using the T9 probe geometry exhibits weak low frequency
peaks centered around 20 kHz for both initial stagnation pressures. The standoff
frequency for the T9 probe is 46 kHz, therefore it is expected for a primary resonance
to occur around 19 kHz. Additionally, a sharp drop to a local minima can be seen at
approximately 46 kHz for both initial stagnation pressures. This matches the expected
behavior from the DNSS calculations. The PSDs generated using the Sweeney probe
exhibit peaks at 72 and 88 kHz, with local minima occurring at 85 and 101 kHz.
The standoff frequency for the Sweeney probe is 208 kHz, therefore it is expected
for the primary resonance frequency to occur at approximately 86 kHz. Both PSDs
generated using the Sweeney probe exhibit peaks around this frequency. However, it
is currently unknown why a second peak frequency appears approximately at 0.35fs
(72 kHz). Additionally, it is unknown why local minima appear at 0.40fs (85 kHz)
and 0.49fs (101 kHz). THe peaks measured using the Sweeney probe could also be
the results of vibration. PCB sensors are known to be sensitive to vibrations and
no form of vibration testing (tap test, etc.) was performed on the Sweeney probe.
Future experiments should attempt to account for the effects that vibrations might
have caused.
Figure 4.8 shows the PSDs of the non-normalized pitot pressure fluctuations generated using both probes at p0i = 90 psia and p0i = 170 psia for the bleeds open
condition. The measurements were taken using the same probes, sensors, and locations as above. Measurements taken with the T9 probe exhibit local peaks at
approximately 18 and 32 kHz with a local minima at 27 kHz. Based on the probe
geometry it is expected to see a primary resonance frequency around 19 Khz. Measurements with the Sweeney probe exhibit local peaks at approximately 69 and 80
kHz with an additional peak occurring at 47 kHz for the run with an initial stagnation
pressure of p0i = 170 psia. Local minima occur at approximately 75 kHz with an ad-
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ditional minima occurring at 53 kHz for the run with an initial stagnation pressure of
p0i = 170 psia. Based on the Sweeney probe geometry it is expected to see a primary
resonance frequency around 86 Khz. However, it is not known why an additional
peak and an additional local minima occur for both the Sweeney and T9 probe.
In summary, using multiple probe geometries and pressure transducers weak peaks
in the PSDs of pitot pressure fluctuations were observed.

These peaks roughly

matched those predicted by DNS calculations performed by Chaudhry and the rest of
the University of Minnesota group. This provides weak experimental evidence validating the DNS computations however much work remains. Some discrepancies exist,
specifically for the PCB probe with the appearance of additional minima and peaks
that are not predicted by the DNS computations. Additionally, measurements made
with the Kulites seem to show that the primary resonance is present for all three
sleeved conditions when the DNS calculations predict that the resonance should only
be measurable using the largest pitot sleeve. Further collaboration with the University of Minnesota group could help understand the source of some of the discrepancies
between the experimentally measured PSDs and the frequency peaks and minima predicted by the DNS calculations.
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(a) Experimentally generated PSD plotted with calculated transfer
function. Noisy flow conditions.
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(b) Experimentally generated PSD plotted with calculated transfer
function. Quiet flow conditions.

Figure 4.4. Experimentally measured PSDs and calculated transfer
function for the large sleeve condition.
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(a) Noise levels, bleeds open.

Bleeds Open, T0 ≈ 430K
6.1
No Sleeve
Small Sleeve
Middle Sleeve
Large Sleeve

Mach Number

6.05
6
5.95
5.9
5.85

20

40

60
80
100
120
Stagnation Pressure p (psia)

140

0

1

(b) Mach number, bleeds open.

Figure 4.5. Noise levels and Mach numbers measured in the tunnel
with three different pitot sleeves for bleeds open conditions. Probe
located along centerline at an axial location of z = 84.9 in.
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(a) PCB Probe used by Sweeney in April 2016.

(b) PCB Probe used by Gray in July 2016. Photo provided by Tim
Wadhams at CUBRC.

Figure 4.6. Two different PCB probes used to make measurements in
the BAM6QT.
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(a) PSDs of pressure fluctuations measurements made at p0i = 90
psia.
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(b) PSDs of pressure fluctuations measurements made at p0i ≈ 150
psia.

Figure 4.7. PSDs generated from pitot probe pressure fluctuations as
measured in the BAM6QT by PCB132A31 sensors using two different
probes. Bleeds closed.
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(a) PSDs of pressure fluctuations measurements made at p0i = 90
psia.
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(b) PSDs of pressure fluctuations measurements made at p0i = 170
psia.

Figure 4.8. PSDs generated from pitot probe pressure fluctuations as
measured in the BAM6QT by PCB132A31 sensors using two different
probes. Bleeds open.
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5. CONE PROBE MEASUREMENTS
Data presented in this section were obtained using the 30◦ half-angle cone model
as described in detail in Section 2.2.5. The goal of using the 30◦ half-angle cone
model is to compare the results obtained in the BAM6QT with results from the HLB
facility using a probe of similar geometry. The HLB facility is a conventional noisy
Ludwieg tube with pressure fluctuations ranging from 1.0% to 1.6% and a test section
Mach number of approximately M = 5.9 as measured using pitot probes [21] [35].
Additionally, another goal of the cone probe was to compare the data generated in
noisy flow conditions with that measured under the quiet flow conditions that are only
present in the BAM6QT. The model used in the BAM6QT is a 55% scaled model
of the cone used in the HLB, with the sensors located at the same percentage of the
total length of the distance from the nosetip to the end of the cone, as measured
along the surface. The cone was scaled to accommodate the smaller diameter of the
BAM6QT.
Two entries were performed using this cone probe: one in November 2015 and
another in December 2015. Data were taken for both noisy and quiet flow conditions. After the first entry it was discovered that ground loops between the sensor
and the cone caused significant electronic noise that dominated the lower amplitude pressure fluctuations present during quiet flow conditions. However, since the
power of the signal present during noisy flow conditions is approximately five orders
of magnitude greater this noise did not affect the measurements during noisy flow
conditions. Therefore, all noisy flow data presented were collected during the first
entry with an elevated pre-run electronic noise measurements. In order to remedy
these ground loops for the second tunnel entry, the PCB sensor head was wrapped in
electrical tape before installing the sensor on the cone, causing a significant reduction
in pre-run electronic noise measured by the sensor. Figure 5.1 shows the pressure
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Figure 5.1. PSD of pressure fluctuation measurements made by PCB
during no flow conditions for Entry 3 and Entry 4.

fluctuations measured by the same PCB sensor during no flow conditions for Entry 3
(no tape) and Entry 4 (wrapped in electrical tape). Clearly wrapping the PCB sensor
in electrical tape reduced the power of the noise in the signal by orders of magnitude.
Thus, all data presented for quiet flow conditions is from the second tunnel entry
where the pre-run electronic noise was significantly reduced.
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5.1

Noisy Flow

5.1.1

Surface Pressure Fluctuations

Five runs were made in the BAM6QT with unit Reynolds numbers ranging from
Re = 6.1×106 /m to Re = 11.0×106 /m with the bleeds closed. The cone probe
was located along the centerline of the tunnel with the probe support located as far
downstream as possible from the throat, at z = 93.7 in. All of the noisy flow runs
were performed during the tunnel entry in November 2015. Figure 5.2 shows the
PSDs of the normalized pressure fluctuations as measured by the PCBs for the five
runs at t = 2 s after the oscilloscope triggered, as well as the pre-run electronic noise.
The fluctuations are normalized by the mean pressure as measured using the Kulite
XCQ-062-15A sensor that was installed on the model at the same distance from the
nosetip and offset 90◦ azimuthally from the PCB. The PSD shows three distinct low
frequency peaks present for all Reynolds Numbers at approximately 31, 42, and 67
kHz. The cause of these low frequency peaks is currently not known. It is speculated
that these peaks could be caused by the PCB sensor being installed below the surface
of the cone. This could cause a resonance within the cavity created by installing
the sensor below the surface. The flushness of the PCB sensor was not measured.
However, the sensor was installed using the typical procedures of researchers in the
BAM6QT which typically result in step heights of less than 100 microns. Additionally,
the source of the peaks could be vibrations of the model. PCB sensors are known to
be sensitive to vibrations [27]. Unfortunately, at the time of the experiments this was
not known to the author, therefore typical tests for vibrations (impact testing, etc.)
were not performed while the model was installed in the tunnel.
Figure 5.3 shows the PSD of the normalized pressure fluctuations as measured by
the PCB in both the BAM6QT and HLB facilities at two similar Reynolds numbers.
PCB data from the HLB facility were provided in tabular format by Ali. The results
differ greatly for lower frequencies between the two facilities. The data from the HLB
facility does not exhibit the low frequency peaks seen in the BAM6QT data. After
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Figure 5.2. PSDs of normalized pressure fluctuation measurements
made by PCB for five different Reynolds numbers. Mean pressure
determined by Kulite pressure transducer.
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the low frequency peaks the PSDs generated in the BAM6QT appear to be slightly
elevated when compared to the PSDs generated in the HLB, for the 70-125 kHz
frequency bandwidth. This behavior changes for frequencies above approximately
125 kHz where the PSDs generated in the HLB facility are elevated when compared
ot the BAM6QT. The reason for the discrepancies between the two facilities is not
yet known.
Figure 5.4 shows the PSD of surface pressure fluctuations from both the PCB
and Kulite pressure transducer sensors for a range of Reynolds Numbers. For this
particular Kulite the resonant frequency is 326 kHz, thus the estimated flat dynamic
response range is from (nominally) zero up to about 98 - 130 kHz (30% - 40% of the
resonance frequency for an A-screen Kulite) [36]. The PCB has a low frequency cut
off of 11 kHz, and so the two sensors have a frequency response that should overlap
between approximately 11 and 130 kHz. The dash-dotted lines represent the PSDs
generated by the Kulites and the solid lines represent the PSDs generated by the PCB
sensors, with the colors matching for sensor data from the same Reynolds number
conditions. For all Reynolds numbers the PCBs are in good agreement with the
Kulites up to approximately 15 kHz. However, the PCBs exhibit an elevated spectra
when compared to the Kulites for the 15-130 kHz overlap region between the sensors.
This behavior matches the results of Casper et al., which showed that at higher
Reynolds Numbers when Kulite and PCB sensors were under a transitional or fully
turbulent boundary layer the PCB measured elevated spectra [37]. It was suspected
that this discrepancy could be caused by asymmetric transition over the cone thus
causing the sensors to measure two different parts of the transition region. However,
based on the work by Stainback, it is unlikely that this is the case for the present experiments since the cone has a short slant length thus making boundary layer transition
unlikely to occur [20]. The reason for the discrepancy between the sensors remains
unknown. It is known that the measurements from piezoelectric sensors, such as the
PCBs used in this experiment, are sensitive to acceleration whereas the measurements
from the Kulites, which utilize a Wheatstone bridge circuit to measure pressure, are

93
Cone Probe PCB, T0 ≈ 430K

−6

10

Re = 7.74e6/m, BAM6QT
Re = 7.3e6/m, HLB

−7

PSD (P′/Pmean)2/Hz

10

−8

10

−9

10

−10

10

−11

10

50

100
150
Frequency(kHz)

200

250

(a) Re ≈ 7.5e6.

Cone Probe PCB, T0 ≈ 430K

−6

10

Re = 10.7e6/m, BAM6QT
Re = 10.0e6/m, HLB

−7

PSD (P′/Pmean)2/Hz

10

−8

10

−9

10

−10

10

−11

10

50

100
150
Frequency(kHz)

200

250

(b) Re ≈ 10.3e6.

Figure 5.3. PSD of normalized pressure fluctuations with 30◦ halfangle cone model in noisy flow with varying unit Reynolds Number.
Cone located on nozzle centerline at z = 93.7 in.
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Figure 5.4. PSD of normalized surface pressure fluctuation measurements with both PCB and Kulite pressure sensors during noisy flow.

not expected to be sensitive to vibrations [27]. Therefore, the discrepancy could be
caused by vibrations from the model or support structures contaminating the pressure fluctuations measured by the PCB. Further testing is required to determine the
exact cause of the discrepancy.
Figure 5.5 shows the RMS of the surface pressure fluctuations normalized by the
surface pressure, for a range of Reynolds numbers during noisy flow conditions. The
surface pressure was measured by the Kulite and the surface pressure fluctuations were
measured with both the PCB and Kulite sensors. The Kulite data were integrated
from 3-45 kHz and the PCB data were integrated from 11-45 kHz. These frequency
bandwidths were chosen to match those used at the HLB facility. The RMS of
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the surface pressure fluctuations are also included from the results presented in [35]
and [21]. The frequency bandwidth for the pitot probe measurements at the HLB
facility are not known. The RMS of the pitot pressure fluctuations measured in the
BAM6QT was calculated by integrating the PSD over the 0-50 kHz bandwidth.
The RMS of the surface pressure fluctuations in the BAM6QT measured by the
PCB range from 1.88% to 2.27%. The RMS of the surface pressure fluctuations measured by the Kulite range from 1.28% to 1.62%. The elevated RMS of the surface
pressure fluctuations measured by the PCBs is an obvious consequence of the elevated spectrum as shown in Figure 5.4. This is most likely a consequence of the low
frequency peaks shown in Figure 5.2. The RMS of the surface pressure fluctuations
measured in the BAM6QT are slightly greater than 2 times those at the HLB tunnel.
This roughly matches the behavior that is seen in pitot probe measurements in both
facilities. It is expected to see a difference in the pressure fluctuation measurements
between the two facilities since the HLB has a nozzle diameter of 19.7 in. which is
more than double the diameter of the BAM6QT nozzle. The RMS of the surface
pressure fluctuations typically decrease as the Reynolds number increases for both
sensor on the cone probe as well as the pitot probe. This is expected for conventional
noisy flow since the boundary layer present on the nozzle wall decreases in thickness
as the Reynolds number increases.

5.2

Quiet Flow
Eight runs were made in the BAM6QT with unit Reynolds numbers ranging from

Re = 5.7×106 /m to Re = 12.6×106 /m under quiet flow conditions. All runs performed under quiet flow conditions were conducted during the entry in December
2015. Figure 5.6 shows the PSD of the pressure fluctuations measured by the PCB,
normalized by the mean surface pressure. The mean surface pressures were measured
using the Kulite sensor installed on the model at the same distance from the nosetip
and offset 90◦ azimuthally from the PCB. Unfortunately during Entry 4 the Kulite
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Figure 5.5. RMS of cone surface pressure fluctuations normalized by
mean surface pressure and RMS of pitot pressure fluctuations normalized by mean pitot pressure.

installed in the cone probe was only sampled at a rate of 10,000 samples per second,
therefore PSD and RMS pressure fluctuation measurements from the Kulite are not
available.
As expected the power of the pressure fluctuations for quiet flow is much smaller,
by approximately two orders of magnitude, when compared to the pressure fluctuations from noisy flow. The plot exhibits three distinct bandwidths where peaks
appear in the PSD. The first peaks occur approximately from 60-90 kHz. These lower
frequency peaks appear to be a function of the Reynolds number with the peaks becoming more pronounced as the Reynolds number increases. The second set of peaks
appears from 170-190 kHz, roughly three times the frequency bandwidth of the first
peaks. The first two sets of peaks do not appear for the lowest Reynolds number
condition. The cause of these peaks is unknown. They could also be caused by
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Figure 5.6. PSD of normalized pressure fluctuations with 30◦ halfangle cone model in quiet flow with varying unit Reynolds Number.
Cone located on nozzle centerline at z = 93.7 in.
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probe vibrations or the PCB not being installed flush to surface of the cone. Further
investigation is required.
The third set of peaks appear from approximately 290 to 340 kHz. The source
of these higher frequency peaks is not currently known. Typically this frequency
range would be where one would expect the second-mode waves. However, since the
peak frequency does not seem to change with Reynolds number it seems unlikely that
the PCBs are measuring second-mode waves [38]. Additionally, since the edge Mach
number on the surface of the cone is approximately 2.7, well below the hypersonic
region, it is unlikely that the sensors are measuring the second-mode wave.
It should be noted that the lower frequency peaks that appear in Figure 5.3 do
not seem to be present in Figure 5.6. Previously it was speculated that the source of
the low frequency peaks could be either the model vibrating or that the PCB sensor
was not installed flush to the cone surface. The data used to generate Figure 5.3
and Figure 5.6 were taken from different entries. After the entry in November 2015
both of the sensors where un-installed from the model and then re-installed before
the entry in December 2015. Vibration testing was not performed for either of the
tunnel entries.
Figure 5.7 shows the PSD of surface pressure fluctuations from both the PCB
and Kulite pressure transducer sensors for similar Reynolds numbers during quiet
flow conditions. The Kulite was the same sensor as used for the noisy flow runs with
a resonant frequency of 326 kHz therefore, the sensor should have a flat dynamic
response up to about 98 - 130 kHz and the two sensors should have the same overlap
of approximately 11 to 130 kHz. Once again for the PCBs have elevated spectra when
compared to the Kulites throughout the 11-130 kHz overlap region, however for the
quiet flow conditions it appears that the PCBs also measure elevated spectra in the
11-15 kHz range.
Figure 5.8 shows the RMS of the surface pressure fluctuations, normalized by the
surface pressure, as measured by the PCB and Kulite during quiet flow conditions
for varying Reynolds Numbers. The RMS of normalized surface pressure fluctua-

99

T ≈ 430K, Bleeds Open
0

−6

10

Re = 9.1e6/m
Re = 11.3e6
Re = 8.8e6 − Kulite
Re = 10.1e6 − Kulite

−8

PSD (P′/Pmean)2/Hz

10

−10

10

−12

10

−14

10

0

20

40

60
80
Frequency(kHz)

100

120

Figure 5.7. PSD of normalized surface pressure fluctuation measurements with both PCB and Kulite pressure sensors during quiet flow.

tions measured by both sensors ranges from 0.01% to 0.04%. The PCB sensors in
the cone probe measure RMS values of the normalized surface pressure fluctuations
approximately three times those measured by the Kulites. Additionally, the Kulite
in the cone probe measured values for the RMS of the surface pressure fluctuations
that were similar to the RMS of the normalized pitot pressure fluctuations measured
using Kulites. There appears to be a downward trend of RMS values with increasing
Reynolds numbers. This most likely an effect from normalizing using the mean surface pressure. The mean surface pressure increases as the Reynolds number increases,
however, the pressure fluctuations measured by the PCB remain relatively constant
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across the range of Reynolds numbers. This leads to a decrease in the RMS values of
the surface pressure fluctuations as the Reynolds number increases.
Quiet Flow, T0 ≈ 430K
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Figure 5.8. RMS of cone surface pressure fluctuations normalized by
mean surface pressure and pitot probe pressure fluctuations normalized by mean pitot pressure during quiet flow.
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6. CONCLUSIONS AND FUTURE WORK
6.1

Conclusions
The flow characteristics of the BAM6QT nozzle were last investigated in 2010.

Near the end of the previous characterization the nozzle was re-polished in July
2010. It has been noted by BAM6QT researchers that the flow characteristics of
the BAM6QT nozzle have dramatically changed since the nozzle was re-polished,
but an in-depth characterization of the nozzle had not been performed. In-depth
measurements were performed to investigate how the flow characteristic have changed
since the nozzle was re-polished.
For noisy flow the measured noise levels ranged from 2.0-2.5% depending mostly
on Reynolds number. These results suggest that the noise level in the nozzle remained around the same after the nozzle was re-polished. The noise levels measured
were relatively constant across the diameter of the tunnel, varying by a maximum of
approximately 10% from the mean noise level. The noise level was found to decrease
as the Reynolds number increases. The noise level measured for the higher frequency
bandwidth measured by a PCB in a pitot were roughly 80% of those measured using
a Kulite in pitot. For noisy flow the Mach number was found to range from 5.7 to
5.8 depending on the radial location and the Reynolds number. Like the noise levels,
the Mach number was relatively independent on the radial location in the tunnel.
Unfortunately, useful measurements were not made for the lower half of the nozzle. However, for the upper half of the nozzle the Mach number remained relatively
constant.
For quiet flow the measured noise levels were typically around 0.01% - 0.02% for
initial stagnation pressures up to p0i = 170 psia. Before the nozzle was re-polished
quiet flow was consistently measured for initial stagnation pressure up to p0i = 142
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psia. This shows that the nozzle re-polishing increased the maximum initial stagnation pressure for quiet flow by nearly 20%. The noise levels were consistently 0.01% 0.02% across the upper and lower halves of the nozzle. For initial stagnation pressures
up to p0i = 170 psia, the noise level did not depend on initial stagnation pressure.
However, turbulent bursts which temporarily cause the noise level to increase by
an order of magnitude became more prevalent as the initial stagnation pressure increased. This matches the behavior noticed by other researchers in the BAM6QT.
For quiet flow the Mach number was found to range from 6.0 to 6.05. The Mach
number appeared to be fairly uniform across the upper half of the nozzle for initial
stagnation pressures up to p0i = 170 psia.
Using three newly designed pitot sleeves the effects of the probe geometry on the
measured noise level, Mach number and PSD of the pitot pressure fluctuations were
investigated. The pitot sleeves were found to lower the measured Mach number by
about 1.2% for both noisy and quiet flow conditions. However it is not known if
this effect is significant or simply due to uncertainty in the measurements. The pitot
sleeves only seemed to affect the measured noise level for the noisy flow condition,
with the no sleeve condition measuring a noise level up to 12.7% less than any of
the sleeve conditions. A peak in the PSD was measured during noisy flow condition
at approximately 45 kHz for the sleeved conditions that was not present for the
no-sleeve condition. This agrees with preliminary results from the computational
group at the University of Minnesota which suggest that a frequency peak should
occur around 50 kHz [34]. Additionally, two probes equipped with PCB pressure
transducers showed peaks that seemed to correspond to the shock standoff frequency
as defined by Chaudhry and Candler were found, providing limited experimental
evidence for the DNS calculations made by Chaudhry.
Using a newly designed 30◦ half-angle cone equipped with PCB and Kulite pressure
transducers, experiments were performed to measure pressure fluctuations during
both bleeds open and closed conditions. Noisy flow results were compared with results
generated at the hypersonic Ludwieg tube at the Technische Universitat Braunschweig
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and it was observed that the low frequency behavior of the pressure fluctuations
differed greatly between the two facilities. For all runs performed there appeared to
be three low frequency peaks at approximately 42, 57, and 98 kHz. The peaks did
not appear to be affected by flow conditions and it is speculated that the peaks could
be caused by issues such as vibration or sensor flushness. The RMS of the pressure
fluctuations were compared between the facilities for both pitot and cone probes and
it was found that the RMS is approximately two times greater in the BAM6QT for
both apparatuses, providing a link between measurements made in the two facilities.
Additionally, results from the two pressure transducers were compared and it was
found that the PCBs measured greater amplitude of pressure fluctuations across the
overlap bandwidth.

6.2

Limitations and Recommendations for Future Work
While this work has made some significant steps towards characterizing the cur-

rent flow of the BAM6QT, much work still remains to be done. Characterization of
a hypersonic wind tunnel is not a trivial task. Multiple types of apparatuses and
hundreds of experiments are required to create a robust characterization. The difficulty of this task created many limitations that were not considered or were not
treated with significance until there was not enough time to correct for them. This
section aims to point out some of the limitations that were encountered and provide
suggestions to help overcome them in future experiments.
The largest limitation of the measurements was the repeatability of the measurements. Due to time limitations hardly any attempts were made to assess the
repeatability of the measurements. In the future, the scope of measurements should
significantly decrease with multiple runs being performed at the same conditions and
locations in order to build confidence in the repeatability of the measurements made.
Additionally, much more care should be taken in order to increase the accuracy of
the measurements.
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Many issues with calibrating the Kulite pressure transducers resulted in a large
amount of uncertainty in measurements made. Since nearly all of the tunnel characterization measurements depend on the mean and fluctuations of the stagnation
pressure measured by the Kulites, the calibration is critical for obtaining accurate
results and assessing their repeatability. Several steps should be taken to assure more
accurate Kulite calibrations. Firstly, more calibration points should be taken. When
calibrating the Kulites the author only took four to six points for each Kulite, which
led to a relatively high standard error of the estimate when a linear regression was
performed on the data. If more data points were taken, the standard error should
decrease leading to less uncertainty in the pressures generated by the linear regression.
Secondly, for future measurements the effects of the temperature change on the
Kulite diaphragms should be taken into account. The Kulites measurements are
affected by larger temperature changes, such as those that occur when the Kulite is
placed in a pitot configuration. The author did not account for the possible changes
in calibration due to temperature changes of the Kulite diaphragm. Finally, the
contraction Kulite should be calibrated over a larger range of pressures. The author
calibrated the contraction Kulite at the same time as the Kulite installed in the
probes, over a range of pressures from 3-14 psia. However, because the contraction
Kulite’s measurement range is 0-500 psia the contraction Kulite was calibrated using
a small portion of the Kulite’s measurement range, far below where measurements
relevant to the experiments were taken. The contraction Kulite was found to be highly
linear over this small range. However, future calibration of the contraction Kulite
should use higher pressures to incorporate more of the measurement range of the
sensor. Taking more care towards both repeatability and accuracy of measurements
would help create confidence and also clear up issues with measurements that seem
to be contradictory.
A lot of the limitations encountered were due to the current hardware. Only being able to take measurements at one point or along the horizontal centerline during
a run created severe limitations. Ideally creating a method or apparatus that can
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make multiple measurements during as single run would be an advancement. Unfortunately, this is a very difficult task. Specifically for hypersonic flow there are
many considerations that must be accounted for when creating an apparatus that
make measurements at multiple points. Still, even with the difficultly in creating an
apparatus, it would still be a worthwhile endeavor specifically for measurements of
radial uniformity in nozzle.
Preliminary results show decent agreement between experiments and DNS calculations of the effect that the pitot probe geometry has on the measured pitot pressure
fluctuations. Once again, not much is known about the repeatability of the measurements made. Performing multiple measurement for the same condition with the same
shock standoff distance would help build confidence that the experimental and computational results agree. Unfortunately, during quiet flow conditions the influence of
vibrations could have affected the measurements made. More measurement with care
taking towards eliminating the influence of vibrations would help verify if the peaks
seen in quiet flow PSDs were in fact the acoustic wave reflecting off the bow shock. In
the future the two groups should continue working together in order to gain a greater
understanding of the flow physics around pitot probes in hypersonic flow.
While preliminary results from the 30◦ half-angle cone probe in the BAM6QT
show promise, further work is still necessary. The main goal of using the cone probe
was to make measurements in two separate hypersonic facilities using an identical
probe for comparison purposes. However, due to the size limitations of the BAM6QT
nozzle, the cone probe had to be scaled to a smaller size. This size reduction adds a
complication when trying to directly compare the results from one facility to another.
It would be very beneficial to seek out DNS computations for the cone probe used in
the BAM6QT to compare with the experimental results as well as to possibly create
a more substantial link between the cone probes used in the HLB and BAM6QT
facilities. Also there appear to be some anomalies associated with the PCB measurements. These anomalies could have been caused by a multitude of reasons including
model vibration or issues with installing the PCB flush to the surface of the model. In
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future experiments these issues could be investigated by using multiple PCB senors
offset either axially or azimuthally and making measurements with a profilometer to
ensure that the sensors are installed flush to the surface of the model. Additionally
vibrations could be accounted for by using a tap test.
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A. SENSOR CALIBRATION BY ENTRY

Table A.1. In-situ Kulite Calibration, Entry 1.
Long Upper Pitot Probe

Short Upper Pitot Probe

Long Lower Pitot Probe

Pressure (psia)

Voltage (V)

Pressure (psia)

Voltage (V)

Pressure (psia)

Voltage (V)

3.347

2.191

1.603

1.090

1.670

1.641

5.790

3.777

3.322

2.490

5.360

3.765

7.713

5.050

5.041

3.450

7.340

4.931

9.529

6.277

6.515

4.450

9.350

6.048

7.988

5.180

11.10

7.068

10.444

6.620

13.80

8.595

std errorest = 0.03

std errorest = 0.25

std errorest = 0.03

std errorm = 0.01

std errorm = 0.06

std errorm = 0.01

Table A.2. In-situ Kulite Calibration, Entry 2.
Long Lower Pitot Probe

Long Upper Pitot Probe

Contraction Kulite

Pressure (psia)

Voltage (V)

Pressure (psia)

Voltage (V)

Pressure (psia)

Voltage (V)

3.560

2.490

3.854

2.806

3.560

0.180

5.290

3.478

5.290

3.793

5.290

0.239

7.420

4.636

7.364

5.150

7.420

0.312

9.300

5.715

9.700

6.726

9.300

0.376

11.17

6.786

11.17

0.440

std errorest = 0.03

std errorest = 0.02

std errorm = 0.01

std errorm = 0.01

std errorest = 0.01
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Table A.3. In-situ Kulite Calibration, Entry 3 and 4.
Cone Probe Kulite
Pressure (psia)

Voltage (V)

5.306

3.623

6.454

4.400

7.915

5.342

9.178

6.217

11.016

7.472

std errorest = 0.03
std errorm = 0.01

Table A.4. In-situ Kulite Calibration, Entry 5.
Pitot Probe Kulite

Contraction Kulite

Pressure (psia)

Voltage (V)

Pressure (psia)

Voltage (V)

6.146

4.131

6.146

0.283

7.640

5.150

7.640

0.334

9.690

6.533

9.690

0.407

11.11

7.464

11.11

0.456

std errorest = 0.02
std errorm = 0.01

std errorest = 0.01
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Table A.5. In-situ Kulite Calibration, Entry 6.
Long Lower Pitot Probe

Short Lower Pitot Probe

Contraction Kulite

Pressure (psia)

Voltage (V)

Pressure (psia)

Voltage (V)

Pressure (psia)

Voltage (V)

5.920

3.797

5.188

3.525

5.920

0.254

7.590

5.102

7.377

4.994

7.590

0.320

9.420

6.337

9.510

6.387

9.420

0.383

14.29

9.652

11.258

7.559

14.29

0.555

std errorest = 0.12

std errorest = 0.02

std errorm = 0.03

std errorm = 0.01

std errorest = 0.09
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B. SAMPLE MATLAB CODE
B.1

Mach Number Calculation

function [M] = Rayleigh pitot(p01, p02, Mlow, Mhigh)
% as found in appendix A.2 of Thomas Juliano’s Master’s Thesis
% solves the Rayleigh pitot function recursively.
% Employs the bisector method
% helper function for the noise level calculation
gamma = 1.4;
M = (Mhigh+Mlow)/2;
p02overp1 = ((gamma + 1) ∧ 2 ∗ M ∧ 2/(4 ∗ gamma ∗ M ∧ 2 − 2 ∗ (gamma − 1))) ∧ ...
(gamma/(gamma − 1)) ∗ (1 − gamma + 2 ∗ gamma ∗ M ∧ 2)/(gamma + 1); %Anderson
Eqn 8.80
p01overp1 = (1 + (gamma − 1)/2 ∗ M ∧ 2) ∧ (gamma/(gamma − 1)); %Isentropic
Flow
p02overp01 = p02overp1/p01overp1;
%Compare p02overp01 calculated from bisected M, compare with p02/p01
%NS Properties - p02/p01 decreases as Mach number increases
%thus if p02overp01 is too low, the bisected M was too high
if p02overp01/(p02/p01) < 0.9999
[M ] = Rayleigh pitot(p01, p02, M low, M );
elseif p02overp01/(p02/p01) > 1.001
[M ] = Rayleigh pitot(p01, p02, M, M high);
end
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B.2

Reynolds Number Calculation

function [Re ft, Re m, T0] = Re Calc(p0, p0 init,T0 init, M)
% Inputs:
% p0 = The stagnation pressure (in PSIA) at the time of interest
during the run.
% p0 init = The initial stagnation pressure (in PSIA) in the driver tube
at the beginning of a run.
% T0 init = Stagnation temperature (in Celsius) at the beginning of a run.
% M = Mach number (6 for quiet flow, 5.8 for noisy flow)
% Outputs:
% Re ft = Reynolds number (per foot)
% Re m = Reynolds number (per meter)
% T0 = Stagnation temperature (in Kelvin)
% Constants
g = 1.4; % Ratio of Specific Heats for Air (Ideal Gas)
R = 287; % Specific Gas Constant for Dry Air (J/ kg K)
% Unit Conversions
T0 init = T0 init+273.15; % Converts from Celcius to Kelvin
p0 = p0.*6894.75729; % Converts PSIA to Pascal
p0 init = p0 init.*6894.75729; % Converts PSIA to Pascal
% Calculates stagnation temperature at the time of interest using
% isentropic relations
T 0 = T 0 init. ∗ (p0./p0 init). ∧ ((g − 1)/g); % K
% Computes the static pressure and static temperature at the time of
% interest using isentropic relations
p = p0./(1 + (g − 1)/2 ∗ M. ∧ 2). ∧ (g/(g − 1)); % Pa
T = T 0./(1 + (g − 1)/2 ∗ M. ∧ 2); % K
% Viscocity is calculated using Sutherland’s Law
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mu = 0.00001716. ∗ (T./273). ∧ (3/2). ∗ (384./(T + 111));
% Reynolds number is calculated
Re m = p. ∗ M./mu. ∗ sqrt(g./(R. ∗ T )); % per meter
Re f t = Re m ∗ .3048; % Converts from per meter to per foot

B.3

PSD and Noise Calculations

%Code to Process Kulite Power Spectra
% By: Cameron Sweeney
% Modified: 30 June 2016
% This file must be in the directory of the Kulite data
clear all; close all; clc;
% Prompts user to input the run number to process as well
% as the desired frequency resolution.
prompt = ’Run number to process:’,’Desired Frequency Resolution (Hz):’;
dlg title = ’Kulite Processing Inputs’;
num lines = 1;
answer = inputdlg(prompt,dlg title,num lines);
A = str2num(answer1,1);
Freq Reso = str2num(answer2,1);

% Reads RunMatrix Spreadsheet for initial conditions
A S = num2str(A+1);
P0 init = xlsread(’RunMatrixEntry6’,1,strcat(’C’,A S));
T0 init = xlsread(’RunMatrixEntry6’,1,strcat(’D’,A S));
[num,txt] = xlsread(’RunMatrixEntry6’,1,strcat(’F’,A S));
Bleeds = char(txt);
g = 1.4; %Assume Air

116
for Run num = A;
Run = num2str(Run num);
filename1 = strcat(’Run’,Run,’ Ch1.wfm’); %Reads mean pressure
[Vall1,t] = wfm2read(filename1);
if Bleeds == ’N’ %Reads AC fluctuations if Quiet, DC if Noisy
filename2 = strcat(’Run’,Run,’ Ch2.wfm’);
elseif Run num ¿ 31
filename2 = strcat(’Run’,Run,’ Ch2.wfm’);
else
filename2 = strcat(’Run’,Run,’ Ch3.wfm’);
end [Vall2,t] = wfm2read(filename2);
filename3 = strcat(’Run’,Run,’ Ch1 Scope1.wfm’); %Reads contraction Kulite
[v0,t1] = wfm2read(filename3);

% Converts voltages to pressure via in-situ calibration curves
if A < 31
Pall1 = Vall1.*1.4403 + 0.3433;
Pall2 = Vall2.*1.4403;
flag = ’Long Probe’;
else
Pall1 = Vall1.*1.5075 - 0.1331;
Pall2 = Vall2.*1.5075;
flag = ’Short Probe’;
end
P0all = v0*27.99 - 1.2732;

% Starting Kulite Processing using Fast-Fourier Transforms
% Program has been modified so sampling rate is read in from the
% Kulite Info file
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% Find the offset from trigger
t offset = -round(t(1)*100)/100;
sample rate = round(1/(t(2)-t(1)));
data offset = t offset*sample rate;
t offset1 = -round(t1(1)*100)/100;
sample rate1 = round(1/(t1(2)-t1(1)));
data offset1 = t offset1*sample rate1;

% The following is used to make sure that data is taken 0.5 seconds
% after the trigger of the oscilloscopes (time can be altered if
% necessary)
% Generates PSD, Noise, etc. for each 0.1 s interval
for i = 1:41
desired time = 0.1*i % In seconds
process time = 0.1; % In seconds time to process
run in = data offset+desired time*sample rate; %In samples
Astart = run in;
run in1 = data offset1+desired time*sample rate1; %In samples
Astart1 = run in1;
sample length = sample rate*process time;
Aend = sample length + Astart; % Sets length of the sample window
sample length1 = sample rate1*process time;
Aend1 = sample length1 + Astart1; % Sets length of the sample window
A1 = Pall1(Astart:Aend); % Gets data to be analyzed
A2 = Pall2(Astart:Aend);
A3 = P0all(Astart1:Aend1);

% Determine conditions for PSD
WindowSize = sample rate/Freq Reso;
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fprintf(’# of point in window = %.0f\ n’,WindowSize)
fprintf(’Frequency Resolution = %.0f Hz \ n’,Freq Reso)
PercentOverlap = 50;
nfft = length(A1);

% Subtract off mean fluctuations
A less mean = A2-mean(A2);
A less mean n = A less mean./A1;
if filename2 == strcat(’Run’,Run,’ Ch3.wfm’)
A less mean n = A less mean n/100;
end

% Generate PSD
[ppsd,fpsd] = pwelch(A less mean n,WindowSize,PercentOverlap,nfft,sample rate);

% Calculate Noise over bandwidth of interest
fpsd r = fpsd(1:5001);
ppsd r = ppsd(1:5001);
int = trapz(fpsd r,ppsd r);
RMS(i) = sqrt(int)*100

% Determine Similarity Parameters
P0 = mean(A3)
P02 = mean(A1)
Mach(i) = Rayleigh pitot(P0,P02,5,7);
[Re ft, Re m, T0] = Re Calc(P0,P0 init,T0 init,Mach);
end
end
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C. SELECTED RUN CONDITIONS
The run numbers are composed of three digits. The first digit corresponds to the
entry number and the second two digits correspond to the run number during that
entry. For example Run 607 corresponds to the 6th tunnel entry and the 7th run of
that entry.
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Table C.1. Run conditions. Entry 1. All measurements on the tunnel
vertical centerline.
Entry 1 - June 2015. Kulite in Pitot Probe at varying axial locations
and initial stagnation pressures.
Run

Probe

Axial Location (in.) P0i (psia) T0i (C)

Bleeds

101

Long Lower

75.9

88.6

152.4

Open

102

Long Lower

75.9

89.8

146.2

Closed

103

Long Lower

75.9

141.7

154.6

Open

104

Long Lower

75.9

140.4

153.0

Closed

105

Long Lower

75.9

167.4

155.7

Open

106

Long Lower

75.9

169.9

155.7

Closed

107

Long Lower

75.9

178.9

156.5

Open

109

Long Lower

75.9

184.8

154.7

Open

110

Long Lower

75.9

189.8

153.6

Open

111

Long Lower

75.9

199.9

156.4

Open

112

Long Lower

75.9

173.9

154.2

Open

112

Long Lower

75.9

173.9

154.2

Open

114

Long Lower

84.9

89.2

154.5

Open

115

Long Lower

84.9

89.9

153.0

Closed

116

Long Lower

84.9

140.6

155.9

Open

117

Long Lower

84.9

140.2

152.9

Closed

118

Long Lower

84.9

169.8

152.8

Open

119

Long Lower

84.9

169.4

153.1

Closed

120

Short Upper

93.6

90.4

150.1

Open

121

Short Upper

93.6

90.4

151.0

Closed

122

Short Upper

93.6

140.3

151.3

Open

123

Short Upper

93.6

140.6

151.7

Closed

124

Short Upper

93.6

169.4

151.4

Open

125

Short Upper

93.6

168.5

151.2

Closed
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Table C.2. Run conditions. Entry 2. All measurements taken at z = 75.9 in.
Entry 2 - August 2015. Kulite in Pitot Probe at varying radial locations
and initial stagnation pressures.
Run

Probe

Vertical Program

P0i (psia) T0i (C)

Bleeds

205

Long Lower

Down Towards Wall

89.7

158.2

Open

206

Long Lower

Down Towards Wall

89.8

155.5

Closed

207

Long Lower

Down Towards Wall

91.2

151.2

Closed

209

Long Lower

Down Towards Wall

140.1

154.9

Open

210

Long Lower

Down Towards Wall

140.1

154.3

Closed

212

Long Lower

Down Towards Wall

167.5

153.1

Open

213

Long Lower

Down Towards Wall

167.8

158.4

Closed

214

Long Lower

Up Towards Center

91.6

155.0

Open

215

Long Lower

Up Towards Center

90.7

155.8

Open

218

Long Lower

Up Towards Center

141.2

155.0

Open

223

Long Upper

Up Towards Wall

90.1

161.0

Open

224

Long Upper

Up Towards Wall

89.6

158.9

Closed

225

Long Upper

Up Towards Wall

140.1

156.4

Open

226

Long Upper

Up Towards Wall

140.0

153.1

Closed

227

Long Upper

Up Towards Wall

168.7

153.5

Open
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Table C.3. Run conditions. Entry 3. All measurements taken at z =
92.1 in on the vertical centerline.
Entry 3 - November 2015. Kulite and PCB (S/N 7106) in Cone Probe.
Run

Probe

P0i (psia) T0i (C)

Bleeds

302

Cone Probe

79.1

161.6

Closed

304

Cone Probe

114.1

156.0

Closed

305

Cone Probe

118.8

155.0

Closed

308

Cone Probe

139.4

154.6

Closed

309

Cone Probe

99.5

152.1

Closed

Table C.4. Run conditions. Entry 4. All measurements taken at z =
92.1 in on the vertical centerline.
Entry 4 - November 2015. Kulite and PCB (S/N 7106) in Cone Probe.
Run

Probe

P0i (psia) T0i (C)

Bleeds

401

Cone Probe

79.6

158.9

Open

402

Cone Probe

94.1

1566.9

Open

403

Cone Probe

108.7

160.5

Open

405

Cone Probe

124.6

154.2

Open

406

Cone Probe

139.7

154.8

Open

407

Cone Probe

154.9

153.1

Open

408

Cone Probe

170.0

151.5

Open
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Table C.5. Run conditions. Entry 5. All measurements taken at z =
93.6 in on the vertical centerline.
Entry 5 - April 2016. Kulite and PCB Pitot Probe.
Run

Probe

P0i (psia) T0i (C)

Bleeds

501

PCB Probe

91.2

153.7

Closed

502

PCB Probe

89.8

151.7

Open

504

PCB Probe

139.7

152.9

Closed

505

PCB Probe

169.8

152.4

Closed
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Table C.6. Run conditions. Entry 6. All measurements made on the
vertical centerline.
Entry 6 - May 2016. Kulite in Pitot Probe with sleeves.
Run

Probe

Axial Location (in.)

Sleeve

P0i (psia) T0i (C)

Bleeds

605

Long Lower

84.9

Middle Sleeve

41.0

157.7

Closed

606

Long Lower

84.9

Middle Sleeve

114.4

160.3

Closed

607

Long Lower

84.9

No Sleeve

41.5

155.4

Closed

608

Long Lower

84.9

No Sleeve

114.7

155.4

Closed

609

Long Lower

84.9

No Sleeve

41.4

152.7

Open

610

Long Lower

84.9

No Sleeve

114.9

156.1

Open

611

Long Lower

84.9

Large Sleeve

41.5

150.4

Closed

612

Long Lower

84.9

Large Sleeve

115.1

151.9

Closed

613

Long Lower

84.9

Large Sleeve

41.6

147.6

Open

614

Long Lower

84.9

Large Sleeve

115.2

152.8

Open

615

Long Lower

84.9

Small Sleeve

41.8

147.7

Closed

616

Long Lower

84.9

Small Sleeve

115.6

151.6

Closed

617

Long Lower

84.9

Small Sleeve

41.5

145.0

Open

618

Long Lower

84.9

Small Sleeve

115.2

150.6

Open

619

Long Lower

84.9

Middle Sleeve

41.6

156.7

Open

620

Long Lower

84.9

Middle Sleeve

114.5

158.0

Open

623

Long Lower

84.9

Middle Sleeve

149.2

161.7

Closed

624

Long Lower

84.9

Middle Sleeve

149.8

158.5

Open

625

Long Lower

84.9

No Sleeve

150.0

159.6

Closed

626

Long Lower

84.9

No Sleeve

150.1

157.0

Open

627

Long Lower

84.9

No Sleeve

149.3

156.8

Closed

628

Long Lower

84.9

No Sleeve

149.9

152.5

Open

629

Long Lower

84.9

No Sleeve

149.7

157.3

Closed

630

Long Lower

84.9

No Sleeve

150.4

158.7

Open

631

Short Lower

84.9

No Sleeve

170.0

160.0

Open

632

Short Lower

84.9

No Sleeve

175.1

158.0

Open

633

Short Lower

84.9

No Sleeve

179.6

158.5

Open

634

Short Lower

84.9

No Sleeve

185.1

155.5

Open

635

Short Lower

84.9

No Sleeve

189.9

154.0

Open
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D. DETAILED DRAWINGS
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Figure D.1. 30◦ half-angle cone model.
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Figure D.2. New pitot probe with threaded end for the 30◦ half-angle cone model.
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Figure D.3. Small pitot sleeve.
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Figure D.4. Medium pitot sleeve.
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Figure D.5. Large pitot sleeve.
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Figure D.6. Tip of probe used by Gray to make measurements using
a PCB132A31 pressure transducer in the BAM6QT.

